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I:;Tl=tODUCTION 
All 1 ving thi'1gs on the earth are acted upon con-
t nuously by srav ty. Furthermore, all 1 fe capab e of 
mov ~[ or of be ng moved is sub ect to ~ert al forces 
with each change n the velocity of movement, .€., 
J,~ .. 
subject to forces imposed by accelerat on . There are 
thus two forces--gravitation and force n response to 
acceleration--with wh ch all life must contend and ir. 
reactio:J. to wh ch, as w 11 be shown, phy~iological 
adjustments must be made f homeostasis · s to be 
rna nta ned. 
Little difficulty would exist if all living t~ ngs 
were homogeneous masses, but obviously th\s is not the 
case. With "the exception of the aYJ.atomical y simple :'orms 
of life, livin[ things are a grouping of cells, tissues, 
orsans, Rnd systems which vary both i:J. composition and 
attachment to one another. •/hen an organ sm so construct~d 
is subjected to forces evenly a pl ed over its mass, not 
all parts respo:J.d in a ur>iform manner. The more dense 
postions w ll be acted upon to a greater extent than ~he 
less dense portions and the more elastic or loosely 
attached comronents will show a greater d~stortion than the 
*A detailed review of gravity and accelerat O''l s 
~ ven in Append x One. 
more rigid or f irmly attached components . For this reason , 
one organ or system may be greatly altered while another 
or gan or system within the same organism may be relatively 
unaffected by the same application of force . 
Overall function, which is intimately associated with 
anatomy, can thus be modified by normally encountered, 
pervasive forces . A more complete understanding of such 
forces , the effects of these forces on living things, and 
the functional reaction of living things to these forces is 
therefore of prime importance not only for a knowledge of 
the specialized fields of gravitational and acce l eration 
physiology, but also for a truly thorough understanding of 
"normal" physiology . 
REVIEW OF THE LITERATURE 
Studies Concerning the Effects of Gravity 
One of the earliest studies concerning the physiological 
effects of gravity was that of the French physician Piorry 
(1826} 76 • He observed that in many instances , following 
in j ury or in patients suffering from "cerebral syncope", the 
body position became important . When the position \vas such 
that gravity opposed or offered resistance to the "work of 
the heart" , as in the standing or sitting position, fainting 
or unconsciousness resulted. On the other hand, if patients 
so affected were placed in the horizontal position, 
2 
consciousness was not lost, or , as was often the case, 
recovery from the faint or unconsciousness occurred. 
Piorry continued his observations by experimenting on dogs. 
After placing them in the vertical head- up position, he 
bled them from the jugular vein until syncope was induced, 
at which time , changing the position of the animals to the 
vertical head-down position quickly restored consciousness . 
Each time the position was altered, the same effect was 
obtained . Piorry concluded that gravity reduced arterial, 
venous , and capillary circulation and that this was 
especially evident in patients weakened by any one of a 
number of disorders . 
Although Piorry ' s observations shed little light on 
either the effect of gravity on normal healthy individuals 
or on any specific physiological reactions elicited by the 
individual in response to gravity , they were rather re-
markable observations for his time when we consider that 
such common medical practices as blood- letting were still 
in vogue . 
In 1832 , Ha1140 confirmed Piorry ' s findings with dogs. 
He felt that the horizontal body position assumed by dogs 
and other species as they were being hemorrhaged was an 
excellent clue regarding the amount of blood which could 
safely be withdrawn. Hall induced syncope by holding 
hemorrhaged dogs in the head-up position . Like Piorry, he 
3 
found that consciousness returned when these animals were 
again placed in the horizontal position. Further, the 
feeble heart beat and panting exhibited by hemorrhaged 
dogs in the vertical position were alleviated in the 
horizontal position. 
Regnard77, in 1868, reported that complete prostration 
was induced in trephined rabbits within two minutes in the 
81 head-up position. Salathe (1877) also investigated 
gravitational effects on rabbits and found that death 
resulted within a period of fifteen minutes to two hours 
when the animals were placed in the head-up position. In 
80 
continuing his investigations on a human infant, Salathe 
discovered that cerebral pressure and volume fell with the 
head-up position and increased with the head-down position. 
Dogs also were found to exhibit an increased cerebral 
volume and, in addition, hyperventilation was noted in the 
head-down position. The expected cerebral volume decrease 
and hypoventilation were evident when the dogs were placed 
in the opposite position . 
The first statistical survey concerning gravitational 
effects on humans was accomplished by Schapiro82 in 1881 
at which time he determined the pulse rate of fifty soldiers 
in the standing and horizontal positions. An average in-
crease of fourteen beats per minute was found for the 
standing position. When both femoral arteries were occluded 
4 
prior to standing, pulse rate was found to drop an average 
of five beats per minute--a discovery which would, in 
later years, be utilized in devising a garment to protect 
against the adverse effects of acceleration. 
Blood pressure changes in dogs with alterations in 
body position were studied by Zybulski 110 in 1878 with a 
decreased pressure in the head-up position reported. 
Until 1895, a comprehensive investigation concerning 
the physiological effects of gravity had not as yet appeared 
in the scientific literature. The pertinent studies, such 
as those mentioned, were for the most part concerned with 
either particular phenomena which could be caused or influ-
enced by gravity, e.g., syncope, unconsciousness, etc., 
or with the effect of gravity on a specific bodily activity, 
e.g., heart rate, blood pressure, etc. A first major 
attempt to determine the type and magnitude of gravity-
induced functional changes by carefully controlled experi-
ments and to explain these changes in the light of available 
knowledge was represented by the work of Leonard Hi1146 in 
1895. 
In this study, Hill observed the effects of body 
position on dogs, cats, rabbits, and monkeys. He found 
that gravity elicited the most pronounced cardiovascular 
responses when the animals were in the vertical head-up 
position. In this position, carotid, intra-cranial, and 
5 
cerebral venous pressures rapidly decreased while femoral 
arterial, femoral venous, and portal (splenic) venous 
pressures all rapidly increased. Abdominal support was 
found to oppose the arterial pressure decrease. Destruction 
of the spinal cord between the third and sixth dorsal 
vertebrae, section of either splanchnic nerve, or asphyxia 
induced by deep anesthesia caused carotid pressure to show 
much greater decreases than would otherwise be shown in the 
head-up positi~n . Also, respiration was found to become 
predominantly thoracic and to be much inhibited in this 
position. 
On the basis of these and other observations, Hill 
concluded that " •..• the force of gravity must be regarded 
as a cardinal factor in dealing with the circulation of the 
blood ." He showed that : (1) a main effect of gravity was 
the pooling of blood in the flaccid veins so that venous 
return could be greatly decreased; (2) dynamic compen-
sations occurred in response to gravity which partially 
offset the hydrostatic effects; (3) the primary compen-
sating device was the "splanchnic vaso-motor mechanism" 
since it could by means of constriction, make very large 
amounts of blood available to the heart; (4) the amount of 
compensation in response to gravity exhibited both individual 
and species differences, with the most complete compensation 
found in upright animals such as the monkey and man; and 
6 
(5) gravity does not normally constitute a major physio-
logical stress for man and other upright animals. 
Two years following this original work , Hill , in 
collaboration with Barnard47 , published the results of 
additional animal experiments dealing with the effects of 
gravity . The importance of the splanchnic vaso-motor 
mechanism in compensating against the hydrostatic effect 
of gravity was again stressed in this second study. The 
authors demonstrated that this mechanism alone is more than 
sufficient in maintaining arterial blood pressure at 
approximately the same levels with the animals erect as in 
the horizontal position . The importance of the "respiratory 
pump " in aiding venous return was also noted and, as was 
shown, in cases where the splanchnic vaso-motor tone is 
lost, the respiratory pump can by itself maintain normal 
vascular pressures . This is accomplished by: (1) the 
compressing action of the abdominal muscles on the abdominal 
veins during expiration which forces blood toward the right 
heart , and (2) the suction effect exerted by the reduced 
intra-thoracic pressure during i nspiration, which also aids 
in maintaining sufficient filling of the right heart. Hill 
and Barnard experimentally demonstrated that circulation 
becomes impossible in the head- up position with destruction 
of both the splanchnic vaso-motor tone and the vascular 
action of the respiratory pump . 
7 
From the time of the latter publication until the 
present , a wealth of material has been amassed in the 
literature concerning the physiological effects of gravity. 
As pointed out in the comprehensive review of Hellebrandt 
44 
and Franseen (1943) , many studies have been concerned 
with the functional changes associated with various normal 
body positions, e.g., the erect, seated , and recumbent 
positions while other studies have utilized tilt-tables in 
investigating various intermediate gradations of body 
position with reference to the direction of gravitation. 
The results and conclusions of this total research effort 
are perhaps most clearly seen in terms of the individual 
body systems concerned . 
I . THE EFFECT OF GRAVITY ON THE CARDIOVASCULAR SYSTEM 
The majority of workers have given particular attention 
to the cardiovascular system. This system, being composed 
of a mobile fluid contained within distensible vessels, 
readily and dramatically responds to pervading forces. For 
this reason , and because , as will be shown, the circulatory 
effects may well be the only gravity- induced physiological 
effects of consequence, there are practically no investi-
gations which do not in some way touch upon circulatory 
changes or ramifications of these changes. 
8 
A. CARDIAC EFFECTS 
1. Heart~· The human heart exhibits a 
significant and rapid increase in rate as the body position 
is changed from the recumbent to the sitting or standing 
positions (without muscular exercise or active postural 
support) 19 ' 22 ' 24 , 25, 56 ' 78 , 97 . Also, when the body is 
passively tilted from the horizontal position to various 
angles approaching the vertical head-up position, pulse 
rate shoWE a significant increase 2 ' 35 , 71 ' 98 which has 
been shown by some to become progressively greater as the 
vertical position is approached43, 98 , 100 or prolonged42 ' 
43, 62, 83, 87 The absolute magnitude of these increases 
has been reported as from 3.2%25 to 14%19 from the recumbent 
to sitting position, 23%19 to 38%25 from the sitting to the 
quiet standing position, 14%78 to 40%25 from the recumbent 
to the quiet standing position, and as much as 89%98 with 
passive tilting from the horizontal to the 90 degree 
head-up position. 
Asmussen et a1. 2 found that the pulse rate increase 
was less if cuffs were inflated around the thighs during 
tilting and still less if the legs were drained prior to 
cuff inflation. These workers also felt that increased 
pulse rate was due to reflex inhibition of the heart by 
24 pressoreceptors. Erlanger and Hooker (1904) found that 
water immersion and leg compression would also prevent 
9 
heart rate increases and other circulatory disturbances in 
the erect position. This, they felt, was accomplished by 
the external compression preventing "bleeding" (blood 
pooling) into the lower extremities. 
~. Cardiac Output. Although much disagreement 
has appeared in the literature concerning methodology and 
quantitative findings, the majority of workers agree that 
cardiac output decreases as posture is varied from the 
horizontal to the vertical position2 ' l9, 25, 39, 70, 72, 
84, 85, 94, 97 The amount of this decrease is reported 
at from 8% or less36 ' 39 ' 83 • 90 to 35%25. 
Asmussen and co-workers2 believe that the reduced 
cardiac output is due primarily to decreased cardiac filling 
which is in turn caused by reduced venous return as blood 
pools in the lmier extremities. Helle brandt and Franseen 
44 (1943) , in their review of factors involved in the 
vertical stance of man, point out that cardiac output is 
especially affected by: (1) the length of the standing 
period, (2) the amount of muscular activity occurring , 
end (3) the individual ability of the subject regarding 
tolerance to the upright position under the conditions of 
the particular experiment. 
B. VASCULAR EFFECTS 
1 . Arterial Pressure. The majority of reports 
dealing with arterial pressure, as determined by the 
10 
conventional direct and indirect methods, have listed 
similar findings. Systolic pressure has been found to 
decrease slightly or not at all, while diastolic pressure 
consistently increases as much as 15 mm Hg with the upright 
"ti 2 , 22, 24, 35, 71' 78, 88, 98, 100 pos1 on Although some 
investigators report variable blood pressure responses to 
the erect position24 , all are agreed that pulse pressure 
inevitably shows a decrease. Loman et al. (1936) 59 have 
shown that with passive tilting from the horizontal to head-
up position, carotid blood pressure shows an average net 
fall of 23 mm Hg, brachial arterial pressure increases an 
average of 20 mm Hg, and femoral arterial pressure increases 
an average of 39 mm Hg. 
2. Venous Pressure . The venous pressure of the 
feet has been shown to increase significantly as the 
vertical head-up position is assumed66 ' 69. 
3. Blood Velocity and Circulation Time. 
Velocity has been reported as decreased in the standing 
iti 5, 54 , 95, 108 Th et 1 95 found k dl pos on . ompson a • a mar e y 
slowed velocity between the veins of the arm and foot with 
quiet standing. Mayerson et a1. 67 found circulation time 
slower when individuals were tilted 75 degrees head-up 
than when horizontal. They concluded this was "due to 
pooling or stagnation in veins of extremities." Thompson 
11 
95 
et al. found circulation slowed in the extremities 
with quiet standing. 
4. Blood Volume . Both the blood volume of the 
leg108 and total circulating blood volume 101 decrease in 
102 
the erect position. Waterfield has presented evidence 
to show that plasma loss in the lower extremities can 
account for this decrease. 
5. Blood Flow. Total blood flow is reduced with 
postural changes from the recumbent to the sitting or 
standing positions 25 ' 54 ' 56 Florkin et al. (1930) 27 
estimated that blood flow through the legs was reduced by 
as much as 50% as compared to reclining position. 
6. Plasma Volume . It has been reported that 
approximately 11% of the total plasma volume is lost in 
the quiet standing position within twenty to thirty minutes95. 
This loss is attributed to lower limb edema. 
7. Plasma Protein Concentration. The concen-
tration of the plasma proteins increases in the upright 
position2 ' 73, 109 Increases of from 18 to 40% in serum 
protein concentration have been reported with quiet standing 
at 75 degrees for one hour109 • Pneumatic cuffs inflated 
about the thighs were found to reduce the protein concen-
tration increases in this position2. 
8. Colloid Osmotic Pressure. As with the plasma 
proteins, the colloid osmotic pressure increases with the 
1 c 
1 3 
Upri~ ..ht ~orture52, 73, 102, 109. Y 1 ( ~.)102 
_ ~ - oumans et a . 193u 
have indicated that this increased intravascular osmotic 
ressure tendr to oppose excess fluid ~r~nsfer to the 
limbs. Krough et al. ( 932)53 found that when the colloid 
osiiJ.ot c pressure is hi.;her than norma1, a~ ven ve nous 
pressure produces less f ltration than would occu~ with 
normal colloid osmotic pressure. 
9. Pressure Q£ Volume Changes in Ti::sues Caused 
£x or Influenci~5 the Vascular System. 
a) L rnb Volume. The volume of the le,...s sh:Jws 
_ 2, 6 1, oQ, 102, 
a progressive increase with q~ et stanaing 
1 04' 1 09 
These volume ncree~es are quite substantial, 
amount ~g to from 120 cc. 102 to h75 cc. 2 . ~aterf ' eld 1 n 2 
has shown th t in the stand nc os tion, w th no muscular 
exertion, the createst swelling occurs wit~in the first 
20 to 25 minutes. He found no additional swell ~E after 
40 minutes. 
b) Tissue Pressure, Intramuscular rre::sure, and 
Subcutaneous Pressure Cha.Dses . Youmens c t al. 1 0 ~ point 
out that thG tissue pressure increases ir the less dur DE 
quiet erect standing and that th s increased ressure a ds 
n opposing flu d accumulat on n the legs. lVlayerron and 
Burch 66 report that the ressure of the ~astrocnem us 
muscles show~ an immed ate ncrease upon tilt ~g toward t~e 
head-up posit i on. They a so report that the castr cnemius 
pressure is normally lower in those individuals who develop 
postural syncope . The subcutaneous pressure has also been 
shown to increase immediately when the head-up position is 
taken66 . 
10. Vasomotion . There is indirect evidence that 
peripheral vasoconstriction occurs in the erect position. 
Asmussen et a1. 2 found a one degree centigrade reduction 
in skin temperature occurred with subjects tilted to the 
45 degree head-up position . They interpret this temperature 
rise as being an indication of vasoconstriction in the skin. 
68 Mayerson and Toth found a rapid and significant fall in 
skin and subcutaneous pressure in subjects tilted 75 
degrees , which they also interpret as an indication of 
compensatory vasoconstriction in the peripheral circulation. 
Mayerson ( 1942) 65 has shown that carotid sinus denervation 
causes blood flow and blood pressure to gradually decrease 
to extremely low levels in dogs tilted 75 degrees and 
interprets this as additional evidence for compensatory 
orthostatic vasoconstriction. 
II . THE EFFECT OF GRAVITY ON THE RESPIRATORY SYSTEM 
A. EFFECTS ON THE MECHANICAL FEATURES OF RESPIRATION 
1 . Ventilation . Respiratory rate increases with 
the sitting or standing position as compared with the 
recumbent position 19 , 56 , 70 Donal et al. 19 found a 5% 
14 
rate increase with sitting and a 6% increase with standing. 
Minute volume has been found to increase upon tilting to 
50 degrees 42 , 43. Ventilation changes with the upright 
position cannot be accounted for by metabolic variations 29, 9~ 
Franseen and Hellebrandt (1943) 29 have pointed out that 
ventilation increases appear to be secondary to decreased 
blood flow to the head. Thus, the increased ventilation 
with the erect position would appear to be primarily due to 
a stimulation of respiration following cephalic ischemia. 
64 Main (1937) also felt that cephalic ischemia was the 
primary cause of pulmonary over-ventilation. 
2. Vital Capacity. Lawrence56 has reported an 
increased vital capacity from the lying to sitting or stand-
ing positions. Christie and Beams (1922) 11 confjrm this 
finding and state a 5.5% increase in vital capacity occurs 
from lying to sitting. 
3. Volume of Reserve Air. Posture has been shown 
to affect the volume of reserve air. Wilson 105 reported the 
average reserve air volume was 250 cc. in the recumbent 
supine position and a maximum of 1550 cc. in the erect 
position. 
B. EFFECTS ON THE CHEMICAL FEATURES OF RESPIRATION 
1. Oxysen Consumption. Increases in the oxygen 
consumption with the quiet standing position have been 
1 5 
reported by McMichae1 70 and Turner et al . 98 • The latter 
group observed a 5. 8% increase upon tilting subjects to a 
62 degree head- up position and a 19% increase with quiet 
standing. 
2 . Carbon Dioxide Tension in the Alveoli . 
Alveolar carbon dioxide decreases from lying to sitting or 
standing6 ' 19 , 56 , 64 , 97 . Donal et al . 19 determined 
alveolar carbon dioxide in the sitting position to be 94% 
and in the quiet standing position to be 87% of the alveolar 
carbon dioxide in the reclining position . This decrease has 
been thought due to over ventilation and cerebral ischemia64 
and/or because of the increased residual air105 . 
3. Carbon Dioxide and Oxygen Concentrations in 
the Venous and Arterial Blood . The arterio-venous oxygen 
difference is greater in the erect position than in the 
horizontal position19 ' 70 • The mean values for increases 
in the oxygen difference have been reported as 21% with 
sitting and 41% with quiet standing19 • Regarding the carbon 
dioxide content of the blood , Turner97 reported an increase 
in arterial carbon dioxide in the sitting and standing 
positions and Lawrence56 has reported a reduction in venous 
carbon dioxide in the same positions . 
4 . Metabolic Rate . (Although metabolism is not 
solely within the province of the respiratory system, it is 
perhaps best discussed along with this system because of 
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its intimate association with respiratory factors.) 
Various investigators have observed that the metabolic 
rate increases with the erect quiescent posture 19 , 56, 97 , 
98 Tilting has been reported as producing smaller in-
creases than passive sitting or standing97 , 98 Average 
increases of 4% from the lyi ng to quiet standing position 
have been reported by Donal et al . 19 . The findings of 
Turner et a1 . 98 closely agree with those of Donal and co-
workers , with the former reporting a 12% metabolic rate 
increase from the horizontal to erect position . 
I II. THE EFFECT OF GRAVITY ON OTHER SYSTEMS 
A. THE EXCRETORY SYSTEM 
1 . Kidney Function . Diuresis shows a marked 
drop in the erect (45 degree tilted) position2 • The 
2 
reason , according to Asmussen et al . , is the retention 
of larger amounts of water i n the i ntestine with the erect 
pos i tion because of locall y reduced circulation . This 
group also found three sub j ects showed signs of albuminuria 
after quiet standing for one hour which was interpreted as 
an indication of reduced circulation to the kidneys . Ni 
and Rehberg73 found the glomerular fi l tration rate lower 
with standing than in recumbency . 
B. THE NERVOUS SYSTEM 
The nervous system has never been shown to be 
directly affected by gravity . However , with obvious effects 
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upon other systems , the nervous system is certainly 
affected secondarily as reflexes are triggered by the 
stimulated systems . Ellis and Haynes 23 found that the 
majority of those who suffered from postural hypotension 
showed signs of neurologic disease . These workers and 
others concluded that postural hypotension results from 
the failure of normal sympathetic vasomotor reflex to 
produce vasoconstriction when the erect posture is 
assumed . 
Practically all of the preceding findings have been 
obtained from investigations which have primarily dealt with 
the responses of humans and , to a much lesser degree, the 
responses of dogs and other laboratory animals to gravi-
tational stress . In 1951, Brand et a1 . 7 reported on a 
series of experiments concerning the comparative reactions 
of several lower animals to the force of gravity . Snakes, 
op ossums, rabbits, rats , guinea pigs, dogs, cats , and 
monkeys were all exposed to the vertical head-up position 
and their physiological reactions and general behavior 
compared . It was found that snakes and rabbits were the 
least resistant and monkeys the most resistant to this 
stress . The heart rate of all species tested increased with 
the vertical position . In all mammals tested , arterial 
blood pressure in the head end was progressively reduced 
with pr9longation of the tilt . Mammals also displayed an 
immediate increase in venous pressure and an immediate 
decrease in venous flow in the foot end of their body upon 
tilting. Rats , rabbits , and opossums showed a 20 to 66% 
increase in blood sugar during the first three hours of 
the head- up position which was followed by a slowly develop-
ing hypoglycemia . The authors attribute this initial 
hyperglycemia to some involvement of the sympatheti~ and 
adrenal mechanisms . They feel that these mechanisms respond 
to the "emergency situation" engendered by an increasing 
cerebral anoxia due to circulatory difficulties encountered 
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in the erect position . In summarizing their work , the authors 
also express the opinion that despite various life preserving 
compensatory reactions under the stress of gravity , cir-
culation is reduced i~ critical as well as non- critical 
areas and therefore "Consciousness does not thus appear to 
be a rigidly safeguarded function of the animal ' s existence ." 
Studies Concerning the Effects of Non-Gravitational 
ACCeleration--
Gravitation would be the only force of consequence 
for living things if it were not for man ' s constant 
progress in transportation. With the continuous develop-
ment of land, sea, and air vehicles of ever-increasing 
velocity, a multiplicity of problems has developed concern-
ing the forces produced by acceleration. As Pertzoff and 
co-workers so aptly stated in 1945: 
Many of life ' s casualties are referable to man's 
inability to cope completely with instruments of his 
own making. Numerous incapacities of the living 
organism have thus been made manifest, and in an 
unusual reflexive sense man is be7zming better known 
to himself through his handiwork. 
I These increasing acceleration problems have mainly 
concerned aircraft occupants since land and sea craft are 
more limited in maneuverability because of the greater 
frictional resistance and scarcity of hazard-free areas 
available for high velocity travel on land or sea. In a 
sense, to follow acceleration physiology research is to 
follow the progress of aviation itself. 
I. THE EFFECTS OF ACCELERATION ON MAN 
Investigations of human reactions to acceleration have 
been pursued since the early 1800 ' s. In 1818, the first 
detailed account of the effects of centrifugation on humans 
appeared in the scientific literature5° . At that time, 
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mental patients of the Charity Hospital in Berlin were 
centrifuged as a possible means of alleviating their 
psychic disturbances. Although the therapeutic value of 
this stress is open to criticism, crude respiratory and 
cardiovascular measurements were accomplished for the 
first time during the dynamic conditions of centrifugation. 
From the time of this first detailed publication, 
little interest was shown regarding human reactions to 
acceleration until 1935, at which time the aircraft had 
been developed to the point where velocities were attain-
able which could produce unusual symptoms during aerial 
maneuvers. In response to the sudden awareness that high 
velocity flight might produce bodily harm, it was stated 
that living tissue would be unable to withstand the strain 
of fast turns made at 600 miles per hour or faster 107, and 
that high aircraft speed might produce "trauma to the brain 
from pressure of the brain against the bony skull 1126 . 
Out of the doubt and fear engendered by these newly 
developed problems arose the first studies specifically 
dealing with the aero-medical aspects of acceleration. 
Each year since 1935, the scientific literature has shown 
an increasing number of publications treating the problems 
of acceleration on man. It is beyond the scope of this 
paper to review any more than a small fraction of these 
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works and only brief consideration will be given those 
works which directly apply to the subject of this 
di ssertation* . 
As is indicated in the appendix of this paper , 
centripetal acceleration , whether produced in a turning 
aircraft or on a centrifuge , may be thought of as producing 
bodily effects varying only in magnitude from those pro-
duced by gravitational force , i . e ., the bodily distortions 
produced by gravity are quantitatively increased by the 
forces produced by artificially created accelerations. 
With increasing bodily distortions it would be expected 
that normal**physiology would be subject to increasing 
embarrassment and, indeed , such is the case. The majority 
of the physiologic effects occurring with the vertical 
position , indicated in the preceding section , have been 
shown to increase as the magnitude of imposed positive 
acceleration is increased . 
As Armstrong 1 has indicated , the forces produced by 
acceleration have their effects manifested in four different 
tissues of the body . In order of increasing susceptibility 
.;~The reader desiring additional information concerning 
the effects of acceleration on man is referred to references 
1 , 32 , 41, 48 , 49 , and 79 . 
**"Normal" is here used to indicate the physiology 
under the usual terrestrial environmental conditions which 
include gravitational force . 
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to displacerne~t or d mace ~rom thP fo~ces o~ accPle~at on, 
these four tissues are: 
(1) ~ony tissues (s~e et l sys~rs 
(2 Soft supporting tissues (rnu"'cl€, connec~ive 
tissues, etc.) 
( 3) Orsans sus e11ded ' th~n body ca7i t ec 
( l1eart, lungs, liver , t.- tc. 
(4) Body fluids (blood, l:mph, etc.) 
Arno~g the specific factors which have bc~n ~vePt:~gted 
with little or no disacreement, · re: 
Heart Pete. Pos tive acceleration rroduces an increase 
n heart rate the maEnitude of wh c!1 s dependent upon the 
_ntensity and durat1on o¥ the acce erat on. Ful~e ~~tes of 
up to 1PO teats per m nu~ e during cen~r!fuga~ c~ Jave ~csn 
::? 
reported by Gauer ( 1950 \-·ho fPl t that the n•;reaced rate 
was "the mo"' t o hv ous s en of the re.:;ula ~- ~:i measures o:' 
thE circulAtion wh r>h 8sc,!11 mmr>d ,.,tc:!.y 1vi t:~ the acti0. of 
the centrifuzal force. " Ruff a1d Struchold79 !J.ttri'butc 
this achycqrd a o stimulation of ths ~ressorecPp ~ Grs ~ 
the carotid ~ nus and aortic arch. 
3lood Presnure. Plood pressure s reported ac decreas-
ing i11 the U1 pd Lody po"'tio1s and ncreo"'ir c ir +he lowE-r 
eYtrern!t es duriLC exposure to pos tive acceleraticn a ove 
These pressure chanieE are not • ~l~ 
attributsblc to ~ydrostatic forcer but ~lsc to t~e die-
pla~e~ent of tlood into the lower lim E. It ~a2 becG 
est m~ted79 Lat a~proY ITqte_: 35 cc. a~ blood is disr 1 ered 
rtc t~e legs for each pas t ve g imrosed. AlEc, cs the 
he~d of venous pressure falls at heart level, ~ardi~c 
fling and cardiac output are b~lieved to dirrin1D~ d0qp!te 
tLc compenrato~y act on o~ ircreased cardi~~ r~te, the 
erupt~ ~e o! blood dernts, and the susrecte" co~strict!o~ of 
vessels79. 
Hesp ration. Rc".,....iratc"'y rate and minute V<1] ,, lE:. r. c;; 
r E e as much as 30 brea ths/m nutG end 30 1 t c'r"' /n: r>u te 
respectively79 while vital capacit~ fells. Irre~Jlcr 
respiration s often seen at hi5her + . 41 8CCE cr"'ulO'llS • 
Electrocerdicc rem. ~') Gauer-~ has strersed the dis lace-
ment of the pacemaker during posit ve accelcrat on r~~a 
the sinus node to lower art ens of the he~rt. TLis usually 
eviCerces itself n the decrea"'ed qmpl t~dE, invers!on, or 
comrlete su ~rcsslon of the P-wave. Franks, ?0 et el. have 
reported a shortened P-R rterval, decreat:ed Q.RS amrl;+ude, 
and ~-wave flatten rc during ncreaslng acc,Jerat on. 
Visual Effects. It s a \''ell-known foct th8.t i1ot.s 
n aeriql maneuvers and humans exposed to ccntr ;etal 
accelerat on e h bit a tem~0r~~y loss of vi"' on know~ ae 
"blackout " ( amauros s fuc; x). Th s cordi tior1 hae been 
t:::::: shown~~ to be caused by rettn~l anox a rroduced by a 
decrease in the effective systolic pressure to the eye . 
When the arterial pressure of the retinal vessels falls 
below the intraocular pressure , an ischemia develops which 
quickly leads to retinal anoxia20 • Lambert55 has shown 
that a complete loss of vision occurs when the effective 
systolic arterial pressure to the eye falls below 21 mm . Hg . 
II . THE EFFECTS OF ACCELERATION ON ANIMALS 
The most comprehensive and informative investigations 
concerning the physiological effects of acceleration on 
animals have been carried out by Britton and others at the 
Physiological Laboratory of the University of Virginia 
Medical School. This group , in several thousand tests, 
has studied the various effects of centrifugation on monkeys, 
dogs , cats , rats , guinea pigs, ducks , chickens , mice , and 
frogs . The following table summarizes their findings with 
positive acceleration : 
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TABLE 1: SUMMARY OF THE ANIMAL EXPERIMENTS OF 
BRITTON ,~T~.S, g , 10 ' 75 
ANIMALS USED AND 
FAC ORS INVESTIGATED 
Rats and rabbits : 
Superficial changes 
during centrifugation . 
Rats , monkeys , dogs, and 
cats : Effect of 
posture on resistance 
to accelerat on . 
All an ffials listed above 
except frogs: Lethal 
lim ts of centrifu-
gation . 
Rats : Effect of age on 
resistance to 
acceleration . 
Rats, rabbits, and cats: 
Effect of sex on g 
tolerance 
RESULTS 
Marked abdominal protrusion , 
general traction of the trunk , 
archinc of the lower dorsum, 
extrusion of the penis, and 
retract on of the scrotum and 
testes . 
Rats allowed slight movement 
n cages dur ng testing ex-
hibited better resistance than 
those restrained by straps . 
With monkeys, dogs , and cats, 
the EEG changes usually associ-
ated with centrifugation were 
not as marked when the knees 
were drawn up against the ab-
domen . Other positions of the 
limbs did not apprG ·· ·lb 
affect resistance. 
The gu~nea pig was found the 
most resistant and the rabbit 
the least res stant to positive 
acceleration. (See Table 2 for 
specific findin ·s.) 
Adult animals shovled approxi-
mately 25% greater survival 
than young an mals. 
Females of all three species 
were better able to w thstand 
centrifugation than males. 
Ovariectomy with or vri thout 
testosterone adm nistration 
produced no change in tolerance. 
The sarre was true of estrogen 
injection and castrat on n 
male rats . 
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TABLE 1 
Rats and do s: Effect 
of conditioning on 
tolerance. 
Dogs: Effect of 6.3 
E centrifugation re-
peated daily for 200 
days on various 
physiological and 
biochemical measure-
ments . 
Rats , monkeys, dogs, 
and cats : Effect of 
belts , straps , etc . 
on tolerance . 
(Continued) 
Much greater tolerance was 
achieved by exposing animals 
to the same or gradually in-
creasing accelerations over 
various time periods. Mor-
tality could be reduced by 
as much as 50% by this means . 
Pulse and respiratory rates 
were reduced 30% by the 42nd 
day ; serum glucose, sodium, 
and chloride levels were un-
affected; serum potassium and 
blood urea values were slightly 
elevated; liver, skeletal 
muscle, and heart glycogen con-
centrations were normal; blood 
and muscle water concentrations 
were within normal limits . The 
only pathological findings were 
fresh hemorrhages in the 
meninges of two of the nine 
dogs tested . 
Loose fitting tape or straps 
across the abdominal area of 
rats gave marked protection and 
reduced mortality as much as 
59% . Rubber straps around the 
thighs also gave considerable 
protection. 
Prolonged survival time was 
found with monkeys, dogs, and 
cats wearing a pelvic or ab-
dominal belt inflated to 150-
300 mm Hg . Heart rate, blood 
flow, ECG , EEG , and arterial 
pressure were maintained closer 
to normal limits with the in-
flated abdominal belt . 
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TABLE 1 
Rats, monkeys, and cats : 
Effect of various 
hormones and other 
chemical substances on 
tolerance . 
Rats : Effect of hyper-
tension on tolerance . 
Rats : Effect of oxygen , 
carbon dioxide, and 
anoxia on tolerance . 
Rats : Effect of exer-
cise on tolerance . 
Rats : Effect of cold 
on tolerance. 
(Continued) 
With rats : desoxycorti-
costerone s ave marked pre-
tection; pituitary extracts 
were significantly beneficial; 
adrenalin and cortico- adrenal 
extract were also of benefit ; 
atropine and pilocarpine were 
ineffective . 
Animals with surgically-
produced hypertension (Cello-
phane- encased kidney techn que) 
showed the same responses as 
non-treated animals, two to 
four months after the surgery. 
Previous exposure to low 
barometric pressure (226 mm Hg 
once every two or three days 
for a month) increased resist-
ance . Oxygen administration just 
prior to centrifugation produced 
no apparent effect regarding 
tolerance. Five percent carbon 
dioxide inhalation, preceding 
centrifugation, definitely 
improved tolerance. 
Slightly fatiguing exercise 
just prior to testing produced 
no s i gnificant effect. Exercis-
ing to almost the point of 
exhaustion reduced tolerance 
markedly . 
Five minute immersion in five 
degree C. water before testinb 
increased res stance . 
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TABLE 1 
Rats: Effect of intoxi-
cation on tolerance. 
Rats, dogs, cats, and 
monkeys: Acceleration 
and respiration. 
Rats, monkeys, dogs, 
and cats: Acceler-
ation and heart 
rate . 
(Continued) 
Centrifugation within a few 
hours followin3 recovery from 
acute ntoxication indicated 
no significant alterations in 
tolerance were produced by the 
alcohol. 
The respiratory rate was 
generally inhibited in all 
animals tested (as much as a 
50% decrease in rate in monkeys 
at 6 g). The depth of respir-
ation was frequently increased--
especially at higher acceler-
ations. Rats, when centrifuged 
to near prostration , showed 
greatly depressed and often 
completely suppressed respir-
ation for as long as one to 
three minutes. During recovery, 
asphyxial gasping commonly took 
place followed by normal res-
piration within a few minutes . 
In some cases, a five to ten 
percent increase in rate oc-
curred following exposure. 
Pulse rate, during short 
duration tests, showed a rapid 
increase which was found pro-
portional to the intensity and 
duration of the force. Prolonged 
accelerations produced brady-
cardia and in some cases 
irregularities. Recovery was 
rapid following centrifugation. 
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TABLE 
Rats, monkeys, dogs, 
and cats: Acceleration 
and the electrocardio-
gram. 
Monkeys, dogs, and cats: 
Acceleration and blood 
pressure. 
Monkeys and dogs: 
Acceleration and blood 
flow . 
(Continued) 
The EGG of rats displayed 
a general reduction in ampli-
tude during moderate ex-
posure, especially in the QRS 
complex. As heart rate slowed, 
enlargement or inversion of 
the T-wave frequently occurred. 
Analysis of the EGG of mon-
keys, dogs, and cats showed a 
shift in the electrical axis 
of the heart of 10 to 15 
1 degrees on exposure to 6 g. 
The brachial arterial 
pressure of cats dropped as 
much as 50% at 4 g for 10 
seconds. 
The carotid pressure of dogs 
also decreased with g. The 
amount of this decrease was 
found to be dependent on the 
magnitude of the acceleration. 
Pressure rose above normal for 
a short time following centri-
fugation. 
With monkeys, blood pressure 
changes were less than with 
other species. 
Decreased flow to the head 
end of the animals could be ob-
served within one to two seconds 
following the onset of the 
centrifugation. Blood flow in-
creases above normal often were 
evident following exposure. 
Flow in the carotid artery 
occasionally reached zero at 3 
to 4 g. 
30 
TABLE 1 
Rats and frogs : Other 
vascular phenomena 
produced by 
acceleration . 
Cats : Acceleration and 
gastric emptying time . 
Cats : Radiographic 
studies during 
centrifugation . 
Monkeys , dogs, cats, 
and rats: Central 
nervous system in-
volvements (vertigo , 
nystagmus, etc.). 
(Continued) 
Small areas of hemorrhage, 
marked dilation of visible 
vessels, and extravasation of 
plasma were often noted in the 
web of the hind feet of 
centrifuged frogs. 
Petechial hemorrhages in the 
hind limbs of rats were also 
occasionally observed after 
severe accelerations. 
Gastric emptying time was 
delayed from approximately two 
to seven hours depending upon 
the magnitude of the acceler-
ation . 
Radiographic recordings dis-
closed marked blood displace-
ments occurring during acceler-
atory stress . At 25 g, the 
l i ver and bases of the lungs 
became heavily engorged; the 
iliac and femoral veins 
appeared much distended ; and 
the heart was displaced down-
ward . Recovery to normal was 
rapid (within 20 to 30 seconds) 
following acceleration . 
Vertigo and unilateral im-
balance were common following 
testing. In some animals, 
chronic disorientation with 
involvements in all planes of 
the semicircular canals oc-
curred . Generally, the effects 
were mild and transient. 
Brief unconsciousness was often 
seen . With severe acceleration, 
unconsciousness sometimes lasted 
several minutes with occasional 
rigidity which, in a few cases, 
persisted till death. 
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TABLE 1 
Monkeys, dogs, and cats: 
Acceleration and the 
electroencephalogram . 
Rats, cats, and dogs: 
Effect of acceleration 
on blood sugar, 
electrolytes, etc . 
Monkeys, dogs, cats, 
and rats: Autopsy 
findings following 
centrifugation. 
(Continued) 
Generally, high volta[e, low 
frequency, "Delta " waves ap-
peared in the EEG shortly after 
the start of centrifugation. 
The incidence of these waves 
was greatest during longer 
tests . Usually persisted 5 to 
15 seconds after termination 
of centrifugation. 
"Alpha" waves were abolished 
by the centrifugation. 
Medium voltaEe, medium 
frequency waves showed a sliEht 
increase in frequency dur ng 
acceleration. 
Hyperglycemia occurs with 
severe accelerations and in some 
aniffials persisted for as long as 
three to four hours. No glygo-
suria was observed. The liver, 
heart , and skeletal muscle 
glycogen was found reduced in 
cats following frequent, severe 
exposures . No detectable changes 
were observed in serum potassium, 
sodium, or chloride levels. Also 
the water content of all major 
organs was apparently unaffected . 
Hematocrit was found to be 
elevated 20% up to 30 minutes 
follo wing centrifugation. 
Following severe centrifugation 
to or near the point of death, 
necropsy examination reve"lvl. 
frequent cardiac dilation with 
occasional subintimal hemorrhage; 
congestion of the bases of the 
lungs with hemorrhagic patches ; 
engorgement of the liver with 
venous blood and some small 
hemorrhages into the abdominal 
cav ty; and fresh, tiny hemor-
r hages now and then found in the 
meninges. 
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TABLE 2 
SPECIES DIFFERENCES REGARDING 
TOLERMJCE TO POS I TIVE ACCELERATION 
(From the work , of Britton, et al .8 ) 
SPECIES 
Guinea Pig 
White Rat 
Chicken 
Duck 
Monkey 
Mouse 
Dog 
Cat 
Rabb t 
LETHAL LIMIT* 
8. 33 - 12. 50 
8 . 33 - 12. 50 
6 . 66 - 7 . 50 
6 . 66- 7 . 50 
5 . 00 - 10 . 00 
5 . 00 - 5 . 83 
5 . 00 - 5 . 83 
4 . , 8 - 5 . 00 
2 . 50 - 3 . 33 
~--------------------------~~ - - -
*Time (in minutes ) at 6 g required to kill 
100% of all animals tested . 
The dislocation of organs and tissues b accelerative 
stress has been investigated by Gell and Cranmore (1956 ) 34 . 
Ut i lizing a liquid nitrogen , rapid freezing technlque33 , 
these workers were the first to d rectly quantitate the 
dislocation of the internal organs and tissues in white 
rats exposed to centrifugation . Their findings for 
accelerations of up to 19 . 5 positive 5 were as follows : 
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lung and liver elongation, extreme footward bulging of 
the diaphragm, shifting of the entire gastrointestinal 
tract to the pelvic area , and herniation of the pelvic 
contents into the scrotal sacs. An interesting observation 
concerning these findings was that the dislocations were 
as profound at 5 g as they were at 19.5 g. The dis-
locations were also found to be as extensive when an animal 
was centrifuged for one minute at a particular g as when 
centrifuged for up to ten minutes at the same g . 
Cranmore (1956) 17 has investigated the mortality and 
gross pathology of rats exposed to accelerative stresses of 
from ten to forty positive g . It was found that 100% of 
all rats tested survived t he following g-time patterns : 
10 g for 40.0 minutes 
1 5 g for 10 . 0 minutes 
20 g for 5 . 0 minutes 
30 g for 1.5 minutes 
40 g for 1. 25 minutes 
On the other hand , 100% of all rats tested 
to the g-time patterns listed below : 
20 g for 10 . 0 minutes 
30 g for 4 . 0 minutes 
40 g for 2 . 5 minutes 
died ,Then exposed 
Pathological examination of rats dead from the effects 
of positive g disclosed the following gross findings . 
Petechial hemorrhages were found in the ventral subcutaneous 
regions of the inner thigh and groin and over the lower 
back , base of the tail , and dorsal thigh surface . The 
34 
larger abdominal veins appeared distended and the liver was 
dark red in color. The lungs generally showed dorsal 
hemorrhagic areas of up to 5 mm. in diameter. The author 
attributed death to anoxic anoxia. Sacrificed survival 
animals showed all of the above findings to a lesser degree. 
The physiological reactions of cats and monkeys under-
going centrifugations of up to 12 positive g were studied 
by Jasper and Cipriani (1945)51• They reported that "With 
sufficient g (up to 12 g) for a long enough time" intra-
cranial pressure fell linearly and finally became negative, 
carotid arterial pressure fell rapidly to zero as did pulse 
pressure, femoral venous pressure obeyed hydrostatic laws, 
the ECG indicated right myocardial failure in some animals, 
the cerebral vessels (photographed through a Forbes window) 
showed blanching and retention of blood in the larger 
vessels, and hemorrhagic areas developed in the right 
ventricle and the bases of both lungs. 
The effect of positive acceleration on cats has also 
been studied by Greenfield (1945)38 who found that arterial 
pressure at head level, right auricular pressure, and 
intrapleural pressure all decreased with centrifugal stress. 
The arterial pressure at head level dropped to zero at 3 to 
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4 g and quickly rose above normal levels as the centrifugation 
was stopped . Immersing the animals in water to the cardiac 
apex afforded excellent protection in that much higher 
accelerations were required to produce the equivalent 
blood pressure changes shown by the non-immersed animals 
at a relatively low g . 
Beckman et al . (1953) 3 have reported their patho-
logical findings with a chimpanzee given 40 positive g 
for 15 seconds . The temporal and masseter muscles of this 
animal were dry and bloodless ; small hemorrhages were found 
in the biceps, femoris , and gluteal muscles and also in 
the tissues of the thighs and buttocks; the kidneys oozed 
free blood on sectioning and microscopic examination re-
vealed glomerular congestion and dilation of the tubules; 
and lastly, edema , hemorrhage , and focal atelectasis were 
observed in both lungs as was venous congestion and 
leukocytic thrombi in many of the lung venules. 
Chung has recen~y (1956-1 959) published the results 
of a series of experiments concerning the effects of 
positive acceleration on mice 12 ' 13 , 14 , 15. Utilizing an 
extremely small-radius centrifuge (16 em.), he studied 
mortality, ECG changes , pathological findings, and the 
effect of various protective devices at exposures of up to 
320 g . His findings regarding mortality are summarized in 
Table 3 and indicate a much higher tolerance than previously 
reported by Britton et a1 . 9 • However , in utilizing a 
centrifuge of such extremely small dimensions, Chung has 
apparently neglected the tremendous force differential 
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imposed upon the animals- - i.e . even though the effective 
acceleration at foot level may have been 320 g, the 
acceleration at distances as small as one to two inches 
headward would be reduced by approximately 52 to 1J2 g, 
which in part may account for the discrepancy between this 
work and others. 
Electrocardiography during centrifugation disclosed 
changes in practically all components of the ECG . Rather 
typical changes shown at 8 g with a duration of 25 minutes 
were, in order of occurrence: rate decrease (after 4 minutes); 
sinus bradycardia (5 minutes); asystole of up to 0.4 seconds 
(9 minutes) ; complete heart block (10 minutes); asystole to 
I 1. 8 seconds and escape b€at (11 minutes; asystole to 2.7 
seconds and partial heart block (1 5 minutes) ; asystole to 
2 . 0 seconds and complete heart blOck (19-24 minutes); 
complete heart block (25 minutes) and lastly only P-wave 
evident . In comparing these results with those of other 
investigators, Chung concluded that the heart of the mouse 
was relatively resistant to positive acceleration. 
Necropsy examination of mice killed by centrifugation 
revealed visceral rips and hemorrhage into the abdominal 
and thoracic cavities and severe lung hemorrhages and 
vascuolations . The author attributes death at 49 g and 
above to anemic and anoxic anoxia resulting mainly from 
hemorrhages of parenchymal organs and from circulatory 
disturbances. 
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g 
5 
6.5 
7 
10 
14 
18 
23 
29 
49 
66 
85 
. 
TABLE 3 
SURVIVAL AND MORTALITY OF MICE UNDER 
POSlTIVE ACCELERAT~ 
(Chung, 1956) 12 
DURATION OF g (IN ~INUTES) 
TOLERATED BY 100% OF · 
ANI -ALS TESTED 
5 
80 
30 
1 
0 . 50 
0 . 33 
0 . 25 
0 . 17 
0 . 08 
0 . 08 
DU ATION. OF g (IN 
KINUTES) FATAL TO 
100% OF ANIMALS 
TESTED 
14 
5 
2 
1.5 
0 . 53 
0 . 33 
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As may now be seen, the scientific literature , to 
the present time , contains numerous references to investi-
gations dealing with the effects of gravity and acceler-
ation on the cardiovascular system and other systems in 
both man and animal . One obvious omission is evident, 
however, this being the role of the peripheral vascular 
system in the overall response of the organism to the above 
stresses . 
The present study was undertaken for the following 
reasons : 
(1) To determine the physiological reactions of the 
microscopic portion of the peripheral vascular system to 
the forces produced by gravity and acceleration. 
(2) To correlate these microcirculatory reactions 
with other physiologic changes occurring in the organism . 
(3) Because a species not previously investigated 
would be used , it became essential to determine within the 
scope of this study , all bodily reactions of the species 
involved to the forces concerned . Without the determin-
ation of these reactions , it would be impossible to compare 
any results from this study with previous works which, in 
all cases , involved other species . 
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'T'hE.. COlden hamster (~:<-SO "r cetu"' '='UriJ tus) vras Bel e cte1 
as thA test arimal for tt P study becausG of the ease of 
access bil ty cf ts cheek :r:;ouch v1hich serves G.s a :"lqtural 
microc!rculatory wirdow. Since the hamster had not bee~ 
previously used in acceley>at:.on studi.c:::;, all technique:? 
and apparqtu8 neceeqary for this inver+,:ation were e:.tter 
Ppeci"l y decizned or develcped by +~e modification of 
ex sting echn ques and equ prent. In most cases, pro-
cedures well standardized under rtati~ laboratory ~end tions 
were adar;ted to the dJ1qmic experiment el enviro,~ment 
represented by the major research apraratus, namely, the 
t t-tablEC!. and centrifuges o.P this c::t,,dy. 
'l'hree ceneral '':roups 0""' experiments are i"lcluded in 
this study. The first deals ~itb the E..""'fecte of poPition 
chane;e (t lting) from the hor zon+rJl to vertic"l, heac-up 
os tion, the second with the effects of centripetal 
accelerat on, and the th rd with t~e effects of caret d 
O"clus on on normal hamsters. Wherever possibJe, "'nimc>ls 
were 11tilized according to a normal we ch+ alld rex distr~_­
but on. T"~--.e ~nimal dj str b1lt ion feY' each ma~o~"' exper rJEr t 
of this study is given in the section of "RE2UlmS " perta n-
ng to the part cu}ar experiment. 
Anesthetization . All animals were studied in either 
the "non- anesthetized" state or anesthetized with one of 
three agents : pentobarbital sodium (Nembutal) , diallyl-
barbituric acid with urethane (Dial with Urethane) , or 
glucochloral (alpha-chloralose) . These anesthetics were 
deliberately chosen because of their varying effects 
concerning depth of narcosis and reflex depression . 
Pentobarbital sodium is a much-used , relatively short-
acting barbituric acid derivative which produces rather 
37 106 powerful narcotic action in animals ' • It has been 
shown to directly depress central nervous system activity 
with depressant effects on the medullary respiratory center 
and central vasomotor center37 . 
Diallyl- barbituric acid with urethane is a long-acting 
barbituric acid derivative (dial) combined with the rather 
weak hypnotic agent (urethane) . The narcotic action of this 
agent is reported as somewhat less than that of pentobarbital 
sodium ; however , diallyl- barbituric acid, like pentobarbital 
sodium , has been shown to directly depress central nervous 
activity in animals31 , 37 , 106 
Glucochloral is a short- acting compound of chloral and 
glucose . I t has been suggested that it creates a condition 
of hypnosis superimposed on narcosis rather than anes-
thesia106. Animals treated with glucochloral do not seem 
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to pass beyond a stage of narcosis and reflex depression 
appears minimal . 
All three agents were administered intraperitoneally 
in the following amounts : 
Pentobarbital - 10 mg/100 gm 
Dial with Urethane- 0 . 1 cc (Ciba- stock 
solution)/100 gm 
Chloralose - 10 mg/100 gm 
It was hoped that any effect observed during the 
experiments , due in part or totally to the action of any 
one anesthetic , could be detected by the use of the other 
two unlike anesthetics . 
"Non-anesthetized" animals were treated in the follow-
ing manner : individual hamsters were first placed in a 
closed glass container into which had been introduced a 
small quantity of ether-soaked cotton under a metal screen 
floor. When the observed animal could no longer support 
itself , and fell , it was quickly removed from the container 
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and restrained for the experiment . When necessary, additional 
limited etherization was accomplished during the restraining 
process by means of a small ether cone which covered the 
nose and mouth of the hamster . Intermittent etherization 
was thus used until total restraint was accomplished , at 
which time all ether was withdrawn and the animal allowed 
to recover consciousness. No animal was actually tested 
until it had been observed actively struggling for a 
minimum period of 5 minutes after regaining consciousness . 
Tilting Studies . The following procedures were 
employed with animals utilized in investigating the 
physiological effects of tilting : 
I . MICROCIRCULATORY STUDIES . After undergoing 
anesthetization, as above , each animal was placed on a 
plastic block such as that shown in Figure 1 and either of 
the two membranous cheek pouches everted and carefully 
pinned around the transilluminating area of the block 
according to the method of Fulton, Jackson , and Lutz3° . To 
prevent distortion of the cheek pouch and a possible 
resultant occlusion of the contained blood vessels during 
tilting , the pouch was carefully flattened and securely 
pinned along that side where it emerged from the mouth of 
the hamster (Figure 1) . More pins were used in these tilt-
ing studies than ·would ordinarily be used in routine 
laboratory fixation of the cheek pouch because of the 
increased possibility of pouch movement during the tilt . 
However , all pins , regardless of the number used , were 
placed as remotely as possible from visible blood vessels 
and in no case was bleeding observed to occur during fixation 
of the pouch . The four limbs of the animal were then taped 
to the plastic block and the head of the animal restrained 
by means of a heavy silk suture placed under the upper teeth 
Ll3 
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ARTIST'S SKETCH SHOWING EXTENT OF CHEEK POUCH 
FIGURE 1: The Hamster Cheek Pouch Technique 
and taped above the head. By these means, the cheek pouch 
was fixed in position for microscopic visualization and 
cinephotomicroscopy during tilting and the possibility of 
the pouch being stretched or occluded during the tilt, as 
the body mass shifted, was eliminated. 
Following the above preparation of the animal, a 
"single membrane'.' preparation30, 63 was accomplished upon 
the cheek pouch whenever high magnification (above SOX) 
observations or recordings of the vessels were desired. 
In those instances when the cheek pouch was studied under 
low magnification, the pouch was examined and photographed 
in the intact state ("double-membrane" preparation). 
From the time of cheek pouch eversion to the completion 
of each tilting experiment, the exposett membranes were kept 
moistened by the application of Ringer-Locke solution 
maintained at 37°C. 
Animals anesthetized and maintained as described were 
then placed on the tilt-table. 
The tilting apparatus is shown in Figure 2 and con-
sisted of a flat table freely movable through 360 degrees 
in the vertical plane, upon which was mounted a standard 
research microscope with stage modified to hold the plastic 
hamster-restraining blocks, a tungsten light source, a 
16 mm motion picture camera coupled to the microscope by 
means of a light-splitting prism, and a still camera which 
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could be easily brought into photographing position over 
the microscope ocular . A locking lever enabled the tilt-
table and attached equipment to be quickly and securely 
held in any desired position in the vertical plane (Figure 
3) . With this arrangement , simultaneous visualization , 
cinephotomicrographic recording , and still photographic 
recording were possible at all times during tilting. 
With the hamster in the horizontal position on the 
tilt- table , a suitable cheek pouch vessel or group of 
vessels was microscopically selected for study . The vascular 
sites selected were only those which appeared anatomically 
and physiologically normal for cheek pouch, i . e., vascular 
sites in which no unusual flow , vasomotion , thrombi, con-
striction , dilation , etc ., were occurring . After selecting 
an area for observation , the microscopic magnification was 
chosen which would give maximum information for the particu-
lar area and contained vessels under study (i . e ., arterioles , 
venules , or capillaries) . A magnification range of from 
15X to 500X was utilized during the tilt experiments in 
order to determine the overall reaction of the microcircula-
tory site as well as the reactions of the individual types 
of vessels comprising the site . 
Following the selection of a suitable cheek pouch 
area and microscopic magnification, an outline sketch was 
46 
MICROSCOPE 
CAMERA FOR 
······STILL PICTURES 
FIGURE 2: Hamster Tilting Apparatus - Horizontal 
, 
FIGURE 3: Hamster Tilting Apparatus - Vertical 
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made of all blood vessels observable through the micro-
scope and by means of a calibrated ocular micrometer, the 
diameters of all major vessels were recorded. In most 
cases, a motion picture recording was also accomplished at 
this time .and consisted of no less than 10 feet of 16 mm 
color film exposed at 24 frames per second. Black and 
white photographs were also taken in those cases when, 
because of large numbers of vessels or complex configur-
ations of vessels, it was felt a simple sketch might prove 
inadequate for later quantitation of diameter changes. All 
recordings made on cheek pouch vessels while the hamster 
was in the horizontal position, preceding the tilt, were 
termed "horizontal controls" and were considered baseline 
measurements to which any changes occurring during the tilt 
would be compared. 
As soon as possible after clear control recordings were 
obtained, the locking lever of the tilt-table was loosened 
and, with the motion picture camera in operation, the animal 
was tilted ninety degrees from the horizontal to head-up 
position . The time required to complete this ninety-
degree tilt was from 2 to 4 seconds with the majority of 
tilts requiring only 2 seconds. 
The cheek pouch was constantly observed from the time 
the head-up position of the animal was achieved until the 
completion of the experiment. Motion picture re cording 
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was continued for the first full minute of the tilt and a 
minimum of 10 feet of film was exposed for each remain i ng 
minute of the experiment. Motion picture recordings were 
also obtained whenever gross changes ·in the microcirculatory 
site were visualized . 
Both the immediate and prolonged effects of tilting 
were studied by maintaining hamsters in the head-up position 
for periods of from a few minutes to well over an hour. 
Special care was exercised during prolonged tilts to insure 
proper hydration of the pouch by means of frequent rinsing 
with Ringer-Locke solution . 
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When the predetermined time of an individual tilt had 
elapsed, the tilt-table was returned to the horizonta.l position 
with constant motion picture recording . Visualization and 
periodic recordings were then continued for an additional 
5 minutes or longer when any unusual microcirculatory 
activity was detected . 
II . MICROCIRCULATORY STUDIES FOLLOWING HEMORRHAGE . 
Since simply tilting a normally active animal such as the 
hamster from the horizontal to head-up position may possibly 
not constitute an adequate stimulus for eliciting clearly 
defined physiological responses under the conditions out-
lined above , a second group of hamsters was hemorrhaged 
before tilting, in the hope that animals "weakened" in this 
fashion might react in a more pronounced fashion to an 
otherwise minimal or ineffective stimulus . 
Only animals anesthetized with the three agents 
previously listed were used for this portion of the study . 
Non-anesthetized animals were not used because of obvious 
and uncontrollable difficulties encountered with conscious 
animals during the bleeding procedure . Following anes-
thetization , animals were treated exactly as described under 
"MICROCIRCULATORY STUDIES " up to the time of the actual tilt . 
At that point , animals were bled according to a procedure 
now to be described , after which the remainder of the tilt-
ing procedure was carried out . 
Hemorrhaging of the hamsters was accomplished by 
cardiac puncture using a 26 gauge needle and a 2 cc . syringe . 
The amount of blood withdrawn was 1 cc . per 75 gm. of body 
weight- - an amount which produced none of the symptoms of 
shock and which was sub- lethal for all animals tested. 
Several animals were also bled by means of venipuncture 
(femoral vein) before tilting in order to detect any 
possible effects of heart trauma , as incurred during 
cardiac puncture , which might mistakenly be ascribed to 
the tilting stress. The amount of blood withdrawn by 
venipuncture was identical to that withdrawn by cardiac 
puncture . 
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Following hemorrhaging by either of the two methods 
described, all animals were allowed to remain in the 
horizontal position until such time as the microcirculatory 
site selected showed no abnormal activity, especially 
regarding flow or vessel diameter . The time required for 
this varied between 6 minutes and 1 hour. 
III . HEART RATE , RESPIRATORY RATE , AND ELECTROCARDIO-
GRAPHIC STUDIES . Heart rate and respiratory rate during 
tilt studies were simultaneously recorded by means of a 
modified electrocardiogram . To accomplish this , three 
leads were affixed to the animal by means of skin clamps 
and tiny silver clamp holders . By positioning the two 
recording electrodes on the thorax as shown in Figure 4 , 
respiratory artefacts could be deliberately superimposed 
on the ECG recordings (Figure 5) from which heart rate was 
easily obtained . The indifferent electrode or ground was 
placed on the lower left abdomen . The three leads, 
positioned as described , were connected to an A. C. pre-
amplifier (Grass Instrument Company , Model P- 5), the output 
of which was connected to a medium- gain D. C. amplifier 
(Brush Instruments , Model BL- 550) . The amplifier ECG , thus 
obtained, was then visibly recorded on a two- channel 
oscillograph (Brush Instruments , Model BL-202) . 
IV . BLOOD PRESSURE DETERMINATIONS . Direct arterial 
blood pressure recordings were obtained on hamsters 
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FIGURE 4: The Placement of Electrocardiographic 
Leads for Obtaining Simultaneous Heart Rate and 
Respiratory Rate (Centrifuge apparatus is shown) 
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FIGURE 5 : SAMPLE ELECTROCARDIOORAPHIC 
RECORDINGS SHOWING HEART RATE AND 
RESPIRATORY RATE. 
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anesthetized with Dial with Urethane. To accomplish this , 
a small incision was first made in the femoral triangle 
of such animals and the femoral bundle exposed by careful 
dissection . The femoral artery was then dissected free of 
the bundle and a tiny polyethylene cannula (Adams , PE 10, 
polyethylene tubing) introduced for no less than one- half 
inch toward the vertebral column . By means of suitable 
couplers and connectors, the cannula was connected to a 
three- way surgical stopcock which was in turn coupled to a 
pressure transducer (Statham Scientific Instruments , Model 
P- 23D) as in Figure 6 . , The transducer was electrically 
connected to a suitable strain gauge amplifier (Brush 
I nstruments Universal Analyzer , Model BL-320) , the output 
of which was visibly recorded on the two- channel oscillo-
graph previously mentioned . In order to prevent clotting 
of the cannulated vessel , one- half cc . of Ringer-Locke-
Heparin solution , containing 0 . 50 mg . of heparin per cc ., 
was injected into the vessel each hour through the three-
way stopcock . One- half cc . of blood was also withdrawn 
through the stopcock immedi ately preceding each injection 
of heparin in order to decrease the possibility of increased 
blood volume becoming a variable in the experiment . 
Whenever electrocardiographic , respiratory , or blood 
pressure responses were followed during tilting , a 
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horizontal or baseline control recording was taken just 
prior to the tilt. As soon as possible after clear, 
physiological control recordings were obtained, the animal 
was tilted. Electronic recording was continued without 
interruption for the first full minute of tilting and for a 
minimum of 20 seconds of each additional minute the animal 
was maintained in the head-up position. 
Centrifuge Studies. Two centrifuges were utilized 
in studying the physiological effects of acceleration upon 
the hamster: The first was the Air Force human centrifuge 
(Wright-Patterson Air Force Base, Ohio) shown in Figure 7, 
which, although designed primarily for human centrifugation 
experiments, easily lent itself to small animal studies. 
This apparatus has a radius of 20 feet and can produce a 
peak acceleration of 20 g (66 rpm) at a maximum rate of 
3 g per second; the second centrifuge used was specially 
constructed for small animal experimentation and is shown 
in Figure 8. Possessing a radius of 4 feet, this instrument 
can produce a peak acceleration of 66 g (220 rpm) at a 
maximum rate of 6 g per second . 
Physiological measurements were electronically carried 
from either moving centrifuge to remotely located recording 
devices by means of spring-loaded carbon brushes which 
turned with the centrifuges and maintained constant contact 
with stationary conductive rings. All electronic signals 
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FIGURE 6: Blood Pressure Apparatus 
FIGURE 7: u. S. Air Force Human Centrifuge 
FIGURE 8: Small Animal Centrifuge Shown With (Below) and 
Without (Above) Hamster Apparatus 
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from the centrifuges were passed to the carbon brushes 
which then transferred them in an uninterrupted fashion 
to the stationary rings from which standard wiring led to 
various amplifying and recording devices distant from the 
centrifuges . The human centrifuge possesses 50 of these 
instrument "slip-rings " and the small animal centrifuge has 
14 , enabling a variety of physiological measurements to be 
simultaneously recorded. 
I . MICROCIRCULATORY STUDIES . When anesthetization 
was completed , animals were placed on a modified plastic 
block (Figure 9), which allowed small spring clips to be 
used for limb restraint in addition to the taping described 
under "Tiltine; Studies ". Cheek pouch treatment and animal 
restraint were otherwise identical t that used in the 
tilting experiments with the hamster again being supported 
by its limbs and upper teeth . 
Visualization and recording of microcirculatory 
activities during centrifugation were accomplished by the 
apparatus shown in Figures 10 , 11 , and 12. The equipment 
first used (Figure 10) consisted of a ruggedized 16 mm 
motion picture camera directly coupled to a horizontal 
microscope in front of which was positioned a stage capable 
of movement in any of three planes and upon which fastened 
the hamster restraining block . Microscope illumination 
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FIGURE 9: Hamster Centrifuge Restraint and Cheek Pouch 
Transillumination Apparatus 
, 
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·FIGURE 10: Centrifuge Cinephotomicroscopy Apparatus 
FIGURE 11: Centrifuge Microcircula~ory Televiewing Equipment 
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was furnished by a 100 watt zirconium arc lamp. This 
first unit enabled the microcirculatory events during 
centrifugation to be photographed but did not allow for 
direct observation of the cheek pouch while on the centri-
fuge . In Figure 11 is seen the closed-circuit television 
camera substituted for the motion picture camera in order 
to permit constant monitoring of the microcirculation. 
Quantitation of vessel diameter changes by actual measure-
ment of the image on the television receiver was also made 
possible by this substitution . However , since the tele-
vision camera alone did not allow for direct motion picture 
recordings during the experiments , a last equipment modifi-
cation was made which resulted in the unit shown in Figure 
12 . By means of a light-splitting (partially-surfaced) 
mirror, simultaneous television monitoring and motion 
picture recording were made possible . 
Hamsters were centrifuged at various acceleration 
peaks of up to 12 g on the human centrifuge . Acceleration 
was applied either rapidly , at a rate of 1 g per second , or 
gradually , at a rate of 1 g each 15 seconds* . Upon reaching 
a desired g level , deceleration was immediately applied at 
a rate of approximately 2 g per second . 
*These two types of centrifugations are referred to as 
"Rapid Onset Runs " (ROR ' s) and "Gradual Onset runs" (GOR ' s) , 
respectively , in most human centrifugation experiments and 
this terminology will be followed in later sections of this 
paper . 
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II . STUDIES CONCERNING THE GROSS EFFECTS OF ACCELER-
ATION . All acceleration studies, other than those involving 
microcirculatory changes , were performed on the small animal 
centrifuge . The rate of application of both acceleration 
and deceleration was uniformly applied at 10 g per second 
on this apparatus . Animals were subjected to various 
magnitudes and durations of acceleration . The range of 
accelerations studied was from 5 to 60 g at durations of 
from 1 second (at higher accelerations) to 15 minutes (at 
the lowest acceleration) . 
All animals were tested in the non-anesthetized state. 
Restraint was again accomplished by means of head and limb 
fixation utilizing the apparatus shown in Figure 4. Once 
the animal was firmly affixed to the restraint apparatus , 
electrocardiographic leads were attached as previously 
mentioned , and the animal was placed in the centrifuge 
container shown in Figure 13 . Animals were then centri-
fuged with heart rate , respiratory rate , and the electro-
cardiogram being constantly recorded . Following centrifu-
gation , all mortalities were subjected to gross necropsy 
examination as quickly as possible . Survivals were 
generally observed for 24 hours following the centrifugation 
with abnormal behavior being noted . Several survivals were 
also autopsied following centrifugation, especially at the 
higher g levels . 
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Motion picture recordings were also made of several 
animals at the various g levels studied . A 16 mm motion 
picture camera mounted at the center of the centrifuge 
and directed toward the mirror apparatus shown in Figure 14 
provided such recordings during acceleration. By means of 
these recordings , it was possible to determine the super-
ficial distortions and displacements of the animal body . 
The ventral surface of the animals utilized was cleanly 
shaved and an indicating line painted with vegetable dye 
to outline the lower margin of the rib cage prior to the 
placement of the animals in the mirror apparatus. During 
centrifugation , the painted line served as a reference 
point for the relative quantitation of bodily displacements. 
I I I . THE INFLUENCE OF VARIOUS ANESTHETICS ON THE 
GROSS EFFECTS OF ACCELERATION . In order to investi gate the 
influence on the gross effects of acceleration of the three 
anesthetics util i zed in the tilting experiments , a total of 
forty-eight hamsters was centr i fuged at 5 g according to 
the following schedule : 
(1) The total number of hamsters centrifuged from 
four through nine minutes at 5 g was taken as 
the control group to which all results obtained 
with the various anesthetics would be compared . 
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FIGURE 13: Hamster Restraint Apparatus in Centrifuge 
Container 
FIGURE 14: Animal Hol~er and Mirror Apparatus Which 
~ Enabled Constant Motion Picture Re ording of Hamster 
Centrifugations · 
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(2) The forty-eight hamsters mentioned above were 
divided into four groups, each containing twelve 
hamsters of approximately the same age and 
weight and composed of equal numbers of males 
and females . 
(3) Each group of twelve animals was then anesthe-
tized with one of the three agents utilized in 
the tilting experiments. Dosages were identical 
to those used in the tilt studies and in addition 
a second dosage of Pentobarbital, 6 mg/100 gm , 
was also administered to one group of twelve 
animals . 
(4) Following anesthetization, each group was 
centrifuged at 5 g, two animals being centrifuged 
for four minutes, two for five minutes, two for 
six minutes, two for seven minutes, two for eight 
minutes, and two for nine minutes . 
(5) Each group of twelve animals thus treated was 
then compared with the other groups of twelve and 
with the non-anesthetized control group. (See 
Figure 29 for a graphic illustration of the 
procedure just described.) 
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Carotid Occlusion Studies. The effect of carotid artery 
occlusion on the cheek pouch microcirculation and femoral 
arterial pressure of a small group of hamsters was investigated. 
Following anesthetization with Dial with Urethane , both 
carotid arteries were exposed by careful dissection and the 
following procedure carried out : 
( 1 ) The femoral artery was cannulated according to 
the method previously described and the inserted cannula 
attached to physiologic recording equipment . 
(2) A suitable area of a single-membrane cheek pouch 
preparation , completed before the carotid occlusion , was 
selected and a 16 mm motion picture control recording was 
taken of the selected area . 
(3) With the motion picture camera and blood pressure 
recording equipment in operation , the right common carotid 
artery was then occluded by means of a pair of fine , plastic-
insulated forceps . The occlusion was maintained for a pre-
selected period and then released. Following a suitable 
rest period , during which indicated blood pressure was 
allowed to return to pre- occlusion levels, this procedure 
was repeated , using the left carotid artery . Lastly , 
bilateral carotid artery occlusion was accomplished in a 
similar manner . I n all cases , occlusion was performed a 
minimum distance of 2 to 3 mm below what was anatomically 
identified as the carotid " sinus". 
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RESULTS 
THE MICROCIRCULATORY EFFECTS OF TILTING FROM THE 
HORIZONTAL TO VERTICAL , HEAD-UP POSITION . Microcirculatory 
observations were carried out on a total of fifty hamsters 
in investigating the effects of tilting from the horizontal 
to the vertical, head-up position . The distribution of 
these animals relative to weight , sex, anesthetic , and time 
maintained in the vertical position is given in Figure 15. 
Twenty-two of the fifty animals studied (44%) showed 
no changes in vessel diameter while maintained in the head-
up position. Of these twenty-two animals, twelve exhibited 
a noticeable decrease in blood velocity in all visible 
vessels immediately upon being tilted to the head-up 
position or within five to ten seconds thereafter . This 
decreased blood velocity , in practically all cases , per-
sisted until the animal.had been returned to the horizontal 
position . In only two cases , fluctuations in velocity were 
observed following the initial decrease while the animals 
were still maintained in the head-up position . 
All of the remaining twenty-eight animals tilted 
exhibited changes in vessel diameter while in the head-up 
position . These changes were seen in arterioles only; at 
no time during these studies was a venule or capillary seen 
to change diameter . Figure 16 lists the type , time of 
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FIGURE tS: THE DISTRffiUTION OF HAMSTERS 
UTILIZED IN INVESTIGATING THE MICRO-
CIR~ULATORY EFFE~TS OF TILTING 
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1 50 F D 5 26 130 F c 6 
2 60 F D 5 27 99 F c 6 I 
• 3 90 M D 5 28 68 M c 5 
4 60 F D 5 29 128 F c 50 
5 71 M D 5 30 103 F c 105 
6 115 M D 5 31 95 F c 15 
7 66 M D 5 32 120 F c 10 
8 87 M D 8 33 74 M c 35 
9 93 M D 8 34 128 F c 50 
lll 90 F D 15 35 103 F c 135 
11 90 M D 15 36 95 F p 5 
12 90 M D 15 37 129 F p 10 
13 90 M D 15 38 129 F p 63 
14 111 M D 7 39 74 M p 35 
15 85 F D 3 40 82 M p 13 
16 75 F D., 3' 41 61 M p 20 
17 75 M D 3 42 62 M p 40 
I 18 78 F D 5 43 79 M p 25 
I 19 a~ F D 5 44 84 M p 30 I 
20 51 F D 3 45 92 M p 32 
21 105 F c 10 46 101 M p 63 
22 95 F c 10 47 87 M p 33 I 
23 57 F c 10 48 86 M p 30 
24 125 F c 10 49 77 M p 35 
25 122 M c 10 50 77 F p 70 
I 
* NA = Non-Anesthetized D =Dial with Urethane 
P = Pentobarbital C = Chloralose 
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FIGURE li: THE OCCURRENCE OF VESSEL DIAMETER 
CHANGES* IN THE CHEEK POUCHES OF HAMSTERS 
MAINTAINED IN THE VERTICAL1 HEAD-UP POSITION 
'fiME IN THE HEAD-UP DURATION OF 
TYPE OF POSITION WHEN CALIBER THE CALIBER 
CALIBER CHANGE CHANGE OCCURRED CHANGE 
Constriction 20 sec 2 min 40 sec 
Dilation 4 min 1 min•• 
Dilation 3 min 2 min** 
_Constriction 30 sec 4 min 30 sec 
Constriction followed Constriction occurred immediately. Vessel dia-
by Dilation meter was normal after two minutes, after which 
dilation developed until return to horizontal. 
Constriction followed Constncbon occurred within 90 seconds. Vessel 
by Dilation diameter was normal after four minutes, after 
which dilation develooed until return to horizontal. 
Dilation 3 min I 12 min** 
Constriction followed Constriction occurred within 20 seconds. Normal 
by Dilation vessel diameter existed after 3. 5 minutes, after 
which dilation slowly developed until return to 
horizontal. 
C onstriction 55 sec 4 min 
Dilation 2 min 30 sec 2 min 30 sec** 
Dilation 3 min. 40 sec 1 mm zu sec•• 
( onstriction 15 sec 2 min 45 secu 
Constriction followed Constriction occurred within 20 seconds. Vessel 
by Dilation diameter was normal after 3. 5 minutes after which 
dilation develooed until return to horizontal. 
Constriction 22 sec 4 min 10 sec 
C onstriction 38 sec 5 min !2 sec** 
Constriction 26 sec 3 min. 14 sec 
Constriction 2 min 4 min, 20 sec 
Constriction 20 sec 3 min 45 sec 
Constriction. 35 sec 5 min 10 sec 
Dilation 6 min 15 sec 28 min 45 sec** 
Constriction 35 sec 3 min 
Constriction 30 sec 7 min 15 sec 
Constriction 15 sec 9 min 
Dilation 5 min 30 min .. 
Constriction 26 sec 6 min 30 sec 
C onstriction 41 sec 4 mm 2U sec 
Constriction 45 sec 4 min. 55 sec 
Dilation 7 min 28 min .. 
* All vessel diameter changes reported are arteriolar. 
Neither venules nor capillaries were ever seen to change 
diameter in any of the cheek pouches visualized. 
** At which time the animal was returned to the horizontal position. 
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I 
occurrence, and duration of the vessel diameter changes 
elicited. 
A total of twenty hamsters (40%) of the entire group 
studied exhibited constriction in the cheek pouch vessels 
following the tilt from the horizontal to the vertical 
position (see Figure 17) . The time following completion 
of the tilt during which the constriction became measurable 
was from one second (im~ediate response) to 120 seconds 
with a mean time of 35.1 seconds . Constriction, once 
evident, was found to persist for from one minute and 30 
seconds to nine minutes with a mean time of four minutes, 
14 seconds . In four cases, constriction was followed by 
dilation in the head-up position. 
Dilation occurred in the cheekpouch vessels of eight 
hamsters (16%) of the total animals studied in the head-up 
position. This dilation became evident after the animals 
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had remained in the vertical position for from three to seven 
minutes or a mean time of four minutes and 20 seconds . 
Dilation, unlike constriction , was found in all cases to 
persist until the hamster had been returned to the horizontal 
position. As has been indicated above , dilation was also 
observed to follow an initial constriction in four cases. 
With the return of the animals to the horizontal position, 
vessel diameter and blood flow quickly reverted to normal in 
those cases in which changes occurring during the head-up 
CONTROL - Immediately before tilting. 
CONSTRICTION - Immediately following the 
tilt. 
FIGURE 17: MICROCIRCULATORY REACTION TO 
TILTING FROM THE HORIZONTAL TO 
THE VERTICAL, HEAD-UP POSTION. * 
Arteriolar Constriction is shown. 
* 115 gram male hamster 
Single membran~ preparation 
Optical magnification = 7 5X 
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position had persisted until the return tilt. Normal 
diameter and flow were generally in evidence by the second 
minute following the return to horizontal; the longest 
time interval required for complete recovery was five 
minut e s. 
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THE MICROCIRCULATORY EFFECTS OF TILTING FOLLOWING 
HEMORRHAGE . A total of 21 hamsters was hemorrhaged and 
then tilted from the horizontal to the vertical head-up 
position. Pertinent information regarding the sex and 
weight of the animals used , anesthetization, and time 
intervals involved is listed in Figure 18 . 
Since no effects other than velocity changes were 
observed with venules in the previous tilting experiments 
on non- hemorrhaged hamsters , microscopic observations and 
recordings for this group of experiments were primarily 
performed upon arterioles . 
The following represent the findings obtained by 
both direct microscopic visualization and the analysis of 
motion picture recordings of cheek pouch areas during the 
experiments . In all cases , comments refer to the results 
obtained as soon as the tilting of the hamster to the 
vertical head-up position had been completed. The term 
"the tilt" is used to refer to the head-up position and 
not to the actual movement of the animal from one position 
to another. The microscopic magnification of both the 
direct observations and cinephotomicrographic recordings 
for each experiment is given in parentheses following 
the animal number . 
Hamster No . 1 : (200 X) No flow or vessel caliber 
changes were observed during or following the tilt. 
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FIGURE 18: ANIMAL, ANESTHETlC, AND TIME DISTRIBUTIONS 
FOR TILTING FOLLOWING HEMORRHAGE EXPERIMENTS 
HAMSTER I SEX I WEIGHT I ANESTHETIC I TIME (in min.) 
NUMBER (in grams) USED IN HEAD-UP 
TIME (in min. ) 
BETWEEN 
~EMORRHAGING 
6 TILTING 
1 M 155 
--~--~-~ - ···-- . -
2 M 127 
f-----~-+---:6. 
3 M 120 
l- .... ---t · -----
POSITION 
10 
8 
9 +9 
7 
20 
41 + 61 
--- t --·-···· -----
~ M I 118 I Dial With 
F 131------J Urethane 
4 
-
5 
1--- ----10 
19 
15 
20 
- --- t---t--------+----+-------l -- ---------------- ------ ------ . ... 
6 
-
M I 113 
---+---t--------
M I 146 7 
-
8 Ml 153 
9 
--- ---
10 
-
11 
-
12 
~{~~ 126 
105 
------ ·+ -----t------- -1.6 
21 
-----~--- - - 2~ ----
49 
-- -4--- ----- ---+-------
t------ ~ 
NUMBER OF 
TILTS PER 
ANIMAL 
1 
1 
~-- --·· - --- ------
2 
1 
1 
----··- ---- -
1 
1 
- -- ------- -------- ---t .. ---- --------tl 
13 M 155 13 26 1 
--------
14 
-------------- ------!---- - -------------------- --- --------- .. 
F 124 10 55 ~-----11 I t----- 1------ ------ - ----------- --- -- ------- ------ - ----.---- ·----- ·---- -----. - ---------
15 F 117 15 50 1 
- -- ----==~~~- - -==~= - ----~-- --- -- 1 1 
l ~~ -: r----!~~ --~~= =------t---~~ - ~~--~~~~~~~~=~------ --- . 4_~6;-~~----- -- -~~=~~-~~~-·: 
18 F 89 Chloralose 13 12 1 
19 ~--!_ ___ ._ ___ ~--- ~ --F-~- -~~--=~!~~ -!.. ~--=--- --57~78-- ________ 2 ____ _____ _ 
20 F 95 _____ __!_()_ ___ -~------ ____ _____ __! _____ _ 
21 F 108 10 23 hrs 1 
- - -----.~-:--·--- =--- -=-~-----=--·=--- --=-----,-~ 
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Hamster No . 2: (100 X) Immediately slowing and 
reversal of flow occurred in a main arteriole as soon as 
the head- up position was reached . This condition persisted 
for the full eight minutes of the tilt. A slight dilation 
was evident in the same arteriole and also persisted until 
the animal was returned to the horizontal position. 
Hamster No. 3: (25 X) (First Tilt) No immediate 
vascular changes were evident . After four minutes in the 
head- up position, a decrease in velocity occurred in both 
arterioles and venules . Flow returned to approximately 
normal immediately upon returning the animal to the 
horizontal position. (Second tilt with a fifteen minute 
rest period between tilts . ) No flow or vessel caliber 
changes observed during or following the tilt . 
Hamster No. 4 : (25 X) Venous flow was noticeably slowed 
immediately after tilting and did not approach normal 
velocity until the tilt was terminated . No other changes. 
Hamster No . 5: (75 X) An immediate and pronounced 
arteriolar constriction occurred upon tilting. Following 
this immediate constriction, the diameter of the three 
observed arteriolar branches slowly increased . After six 
minutes in the head- up position , a noticeable increase in 
diameter was observed (that is, an increase beyond pre-tilt 
control diameter). This dilation showed a gradual increase 
for the remainder of the tilt . Five minutes following the 
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return to the horizontal position, normal vessel diameter 
again existed. A transient slowing of flow was also ob-
served when the animal was first tilted to the head-up 
position. 
Hamster No. 6: (75 X) A rapid dilation and slowing of 
flow occurred upon tilting to the head-up position. Com-
plete stasis and pronounced dilation were evident after four 
minutes. These changes persisted until the animal was once 
again in the horizontal position after which normal flow and 
vessel diameter quickly reappeared (within three minutes). 
Hamster No. 7: (75 X) (First Tilt) Flow gradually 
slowed in all arterioles under observation and culminated 
in stasis after twelve minutes of the tilted position. 
Dilation was quite evident four minutes after the tilt and 
was most pronounced when stasis occurred. Both stasis and 
dilation persisted for the remainder of the tilt. Flow 
appeared normal and a slight constriction was evident 
fifteen minutes after return to the horizontal position, at 
which time the animal was again tilted. During this second 
tilt, the observed constriction increased in all arterioles 
and flow once again slowed. After twenty-two minutes in 
the head-up position, stasis had occurred in one smaller 
arteriolar branch, constriction was less in two other 
arteriolar branches, and dilation was now evident in still 
another arteriolar branch. After twenty-seven minutes, 
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no stasis or dilation were evident and only constriction 
was observed in all arteriolar branches. 
Hamster No . 8 : (75 X) Upon tilting to the head-up 
position, flow quickly slowed as dilation occurred in all 
observed arterioles . After only one minute in the tilted 
position, complete stasis and dilation had occurred over 
all the visualized area . Dilation and stasis again 
persisted until the animal was returned to the horizontal 
position . 
Hamster No . 9 : (75 X) A slight reduction in velocity 
occurred immediately and persisted throughout the tilt . 
Also, a slight dilation was seen after the animal had 
been in the head- up position for two minutes . 
Hamster No . 10 : (75 X) An immediate arteriolar 
constriction and slowing of flow occurred. The slow flow 
did not persist but showed a rapid return to normal while 
the constriction continued until the animal was returned to 
horizontal. 
Hamster No . 11 : (75 X) An immediate arteriolar 
constriction with slow flow was also seen with this animal. 
Slowed flow and constriction both persi~ted throughout the 
tilt with some slight dilation occurring after the animal 
had been returned to the horizontal position for two 
minutes . 
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Hamster No. 12: (75 X) A very slight constriction 
developed within the first 30 seconds of the head-up 
position. After three minutes in the position, no 
constriction was seen but instead a slight dilation which 
persisted for the remainder of the experiment. No flow 
changes were evident. 
Hamster No. 13: (50 X) As the head-up position was 
achieved, flow momentarily stopped and then, flowing more 
slowly, reversed in direction as an immediate constriction 
developed in a small arteriole. Flow improved and vessel 
caliber slowly returned to normal for the remainder of the 
tilt. 
Hamster No. 14: (45 X) Arteriolar velocity showed 
an immediate slowing. After five minutes in the tilted 
position, flow was still less than normal with some 
arteriolar stasis and reversal of flow. The stasis was of 
a transient type and did not reoccur during the tilt. 
Normal direction and velocity of flow were seen upon return 
to the horizontal position and no changes in vessel diameter 
were observed during or after the tilt. 
Hamster No. 15: (75 X) Flow immediately slowed upon 
tilting but had returned to approximately normal after five 
minutes in the head-up position. No caliber changes were 
seen. 
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Hamster No . 16 : (75 X) No immediate vascular 
effects were observed . However , a slight constriction and 
slowing of flow existed after three minutes of the tilt . 
Flow again showed some recovery and normal diameter was 
in evidence after seven minutes in the tilted position . 
(Second Tilt-- sixteen minutes following the first.) 
Stasis immediately developed along with dilation in one 
small arteriolar branch. Flow quickly returned to normal 
but dilation persisted until the animal was returned to 
the horizontal position . 
Hamster No . 17: (125 X) Upon tilting, flow slowed 
immediately and a slight dilation rapidly developed . 
Complete stasis and increased dilation were in evidence 
after twelve minutes in the vertical position . Stasis , 
alternating with abnormally slow flow, and dilation 
persisted for the remainder of the tilt . 
Hamster No . 18 : (75 X) Velocity showed an immediate 
decrease and a pronounced constriction quickly developed 
in all arteriolar branches . After four minutes in the 
head-up position, all observed arteriolar branches exhibited 
alternate constriction and dilation (a rhythmic, almost 
pulsating change in diameter) . This condition of "hyper-
vasomotion " alternated with constriction for the remainder 
of the tilt . 
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Hamster No. 19 : (75 X) (First Tilt) Flow immediately 
slowed upon tilting. After seven minutes of the tilt, 
pulsations of arteriolar flow were seen . Flow , however , 
showed no recovery to normal until the animal was returned 
to the horizontal position . No changes in vessel diameter 
were observed. (Second Tilt) Flow again showed an 
immediate slowing . Three minutes after the tilt a slight 
dilation was seen whi ch persisted along with slowed flow 
until the animal was returned to the horizontal position . 
Hamster No. 20: (75 X) Flow slowed sli6htly upon 
tilting and remained so for the duration of the tilt. 
No vessel diameter changes occurred during or after the 
tilt . 
Hamster No. 21 : (75 X) Flow immediately slowed and 
constriction very rapidly developed. Six minutes following 
the tilt, constriction had given way to dilation and flow 
was still slow. Dilation and slow flow persisted until 
return to the horizontal position. 
Decreased velocity was observed in 20 of the 24 tilts 
following hemorrhage. With the exception of only two 
cases , this decrease in velocity was observed as soon as 
the head-up position of the animal had been achieved. In 
six of the experiments , the velocity continued to decrease 
and culminated in complete stasis . 
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Arteriolar constriction was observed in eight of the 
24 experiments. In three cases, the constriction was of a 
transient nature and was followed by dilation. In seven 
of the eight experiments in which it was observed, con-
striction appeared to be an immediate effect of the tilting. 
Dilation occurred in 11 of the 24 experiments. In 
three cases, as has been pointed out, dilation followed 
transient constriction. Of the remaining eight instances 
of dilation, five were seen immediately upon tilting. 
The microcirculation of three animals was observed to 
recover completely from flow and vasomotor changes while 
the hamster was still in the head-up position. 
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THE EFFECTS OF TILTING FROM THE HORIZONTAL TO VERTICAL , 
HEAD-UP POSITION ON HEART RATE , RESPIRATORY RATE, BLOOD 
PRESSURE , AND THE ELECTROCARDIOGRAM. A total of 29 
hamsters was studied for heart rate, respiratory rate, and 
electrocardiographic changes as induced by the vertical, 
head-up position. Twelve hamsters were utilized in i nvesti-
gating the blood pressure changes in the erect position. 
Heart Rate. Figure 19 summarizes the distribution of 
animals utilized in the study of heart rate changes during 
tilting and the results of this study. Of the total group 
studied, 2 animals were tilted non-anesthetized, 15 were 
tilted anesthetized with Dial with Urethane, 7 with pento-
barbital, and 5 with chloralose. 
The continuous heart rate recording of non-anesthetized 
hamsters in the vertical position was extremely difficult 
to obtain because of the constant struggling of the animals 
against the restraint and the resultant movement artefact 
produced on the recordings. Only two well-defined record-
ings were obtained from ten animals tilted. These recordings 
showed an initial tachycardia in both cases; one animal 
maintained the tachycardia for the duration of the experi-
ment and the other maintained the increased rate for the 
first minute of the vertical position and for short intervals 
until returned to horizontal. With the return to the 
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FIGURE '9: HEART RATE AND RESPIRATORY CHANGES EXHIBITED 
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15 NA 526 6o Tachycardia of 26 beats Respiration became 110re 
~thin one min. Rate then sballow vith increased rate 
~lucti.Bted between 521 aDd of up to 75-8o breaths/min. 
555 beats/min. for remainder 
of test. 
5 NA 420 55 Rate steadily increased :Respiration became 110re ~uring the test. Reached a sballow. Rate increased 
~ximum of 467 beats/min. and remained between 6o-65 
after 5 min. throwthout the eJCl)eriment. 
5 D 450 51 :Rate grad~.all.y decreased Respiratory rate gradua~ 
during the test--430 beats/ increased and fluctuated 
~in. after 5 min. in head-~ between 90 and 130 breaths/ 
tDosition. min. 
5 D 34<> 6o Rate dropped during first Respiration increased 
"'inute (to 333 beats/min) slightly during the first 
~nd then gradi.Bll.y increased minute aDd then ~ined 
to 347 during the reaaining relatij~ constant at 65 
time of the test. breaths min. 
8 D 410 6o :Rate decreased to 4oo Respiration vas aaintainel 
beats/min. within 10 sec. between 55 aDd 6o breaths/ 
and remained fairly constant min. 
Por remainder of the test. 
5 D 4o8 65 Rate remained relatively Rate fluctuated between uncbang~/~etween 4<>5 and 45 and 65 throughout the 
,, , 1412 beats min. test. 
5 D 365 50 :Rate remained relatively Rate remained decreased 
iuncbanged between 357 and throughout the test. Flue-
365 beats/min. t~.ated ,,~tween 40 and 50 
breaths min. 
5 D 394 50 :Rate remained between 392 Rate decreased after one 
~nd 398 beats/min. min. aDd f1uct~.ated between 
30 and 50 _breaths/min. for 
remainder of test. 
• NA • Non-Anesthetized D = Dial with Urethane 
P .. Pentobarbital C .. Chloralose 
•• "CONTROL" heart rate and respiratory rate refer to 
the average rate obtained during the five minutes immedi-
ately preceding the tilt. 
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FIGURE \9(Continued) 
59 134 F 5 D 310 *** PAte :t'luctua ted between *** 3o8 and 317 beat~/min. 
6o 138 F 5 D 279 50 Pate fluctuated between Pate remained somewhat 
270 and 286 beats/min. depressed between 35 and 45 
breathe/min. 
61 93 M 5 D 335 50 Pate showed a gradual Pate fluctuated between 
decrease to 330 beats/min. 50 and 8o breathe/min. 
62 154 F 5 D 305 50 Pate fluctuated slightly Pate fluctuated between 
between 295 and 305 beats/ 35 and 50 breathe/min. 
min. 
63 131 M 5 D 365 55 Rate reaained constant Pate remained constant 
between 362 and 365 beats/ between 50 and 55 breathe/ 
min. min. 
64 102 F 5 D 220 50 Pate gradually increased Pate remained between 50 
to 235 beats/min. and 55 breathe/min. 
65 150 F 5 D 310 45 Pate remained between 310 Pate remained between 45 
and 315 beats/min. and 55 breathe/min. 
66 120 M 5 D 317 *** Pate remained between 31"! *** . 
and 320 for duration of the 
test. 
6T 118 F 5 D 385 50 Pate reaained between 38'5 Pate reaained stable at 
and 392 beats/min. 50 breathe/min. throughout 
the test. 
68 95 F 5 p 335 50 Rate gradually decreased Pate fluctuated between 
to 323 beats/min. 40 and 50 breathe/min. 
69 114 M 5 p 34o 40 A slight increase in rate Pate fluctuated between 
to 349 during the first min. 4o and 50 breathe/min. 
o11owed by a gradual returt 
o control rate. 
70 128 F 5 p 312 45 Rate gradually increased Pate gradually increased 
to 332 beats/min. during to 70 breaths/min. during 
. the test. the test. 
71 134 M 5 p 36o 40 Pate gradually decreased Rate fluctuated between 
to 350 beats/min. 4o and 45 breathe/min. 
72 118 F 5 p 38o 6o Rate gradually decreased PAte reaained quite stable 
to 369 beats/min. during at 6o breathe/min. 
the test. 
73 95 M 5 p 320 50 Rate fluctuated within a Rate fluctuated between 
range of from 317 to 325 
beats/min. 
35 and 45 breathe/min. 
••• Respiratory recordings were not readable. 
, 
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FIGURE 19 (Continued) 
I 
74 147 M 5 p 36o 8o Rate fluctuated from 362 Rate fluctuated between 
to 372 beats/min. 6o and 8o breaths/min. 
I 
85 470 Rate increased to 475 75 M 5 c 55 Rate remained between 
I 
during first minute and 45 and 50 breaths/min. 
tben slowly decreased to 
450 beats/min. during 
remainder ot test. 
76 65 F 5 c 438 50 Rate steadily decreased Rate fluctuated within a 
to 409 beats/min. during range ot trom 40 to 50 
the test. breaths /min. 
77 130 F 5 c 333 65 Rate steadily decreased Rate fluctuated within a 1 
to 310 beats/min. during range ~1 from 50 to 6o the test. breaths min. 
78 65 M 5 c 523 65 Rate iDIDediately in- Rate remained between 6o 
creased to 530 beats/min. and 65 breaths/min. 
and remained between 530 
and 532 tor duration ot 
the test. 
79 8o M 5 c 470 6o Rate remained between Rate remained between 55 
468 and 473 beats/min. and 6o beats/min. 
horizontal position, both animals showed a slightly higher 
than normal rate for an additional three minutes. 
With the exception of only two animals, the heart 
rate of hamsters tilted while anesthetized with Dial with 
Urethane exhibited either no significant change or a slight 
bradycardia. The range of this rate decrease was from 5 
to 20 beats/minute. Two animals exhibited an increased 
rate in the vertical position--the first, a gradual increase 
in rate of 15 beats/minute during the 5 minutes of the 
experiment, and the second, a gradual increase in rate of 
7 beats/minute following an initial decrease of 10 beats/ 
minute. Upon being returned to the horizontal position, 
all animals in this group exhibited either no change in rate 
or an additional decrease of a gradual nature, lasting from 
2 to 5 minutes, followed by a gradual return to control 
values. 
Animals anesthetized with pentobarbital exhibited 
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heart rate changes similar to those shown by animals 
anesthetized with Dial with Urethane. Two animals again 
displayed an increase in rate of 9 beats/minute and 20 beats/ 
minute, which persisted for the first minute of the vertical 
position and for the duration of a 5-minute study, respectively. 
The heart rate of all animals in this group gradually de-
creased for at least 5 minutes following the return to 
horizontal. 
Animals tilted while anesthetized with chloralose 
displayed erratic rate changes as shown in Figure 19 . 
Such animals, when returned to the horizontal position, 
showed a gradual decrease for 5 minutes (3 animals) or no 
change from control heart rate (2 animals). 
Respiratory Rate. Figure 19 summarizes the distri-
bution of animals utilized in the study of respiratory rate 
changes during tilting and the results of this study. As 
is shown in this figure, non-anesthetized animals exhibited 
an increase in rate , and anesthetized animals generally 
exhibited either a subtle decrease or no significant rate 
change in the vertical, head-up position. The depth of 
respiration of all animals was decreased in the upright 
position but was most shallow in the non-anesthetized group. 
Blood Pressure . Figure 20 illustrates the carotid 
arterial blood pressure response of a hamster to the 
change in position from the horizontal to vertical. Six 
animals were used for a tota.l of twelve determinations of 
carotid arterial pressure changes with all animals exhibit-
ing similar responses. Immediately upon tilting from the 
horizontal to erect position, pressure decreased between 
12 and 17 mm Hg (mean = 14 . 5 mm Hg) within 5 seconds. 
Following this initial decrease , pressure generally in-
creased 3 to 8 mm Hg (mean= 5.3 mm Hg) within the next 
second or two and continued in a relatively stable manner 
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for the remainder of short duration tests . When the 
hamster was maintained in the erect position for longer 
than 15 minutes (2 observations) , carotid pressure was 
observed to gradually decrease at a rate of approximately 
1 mm Hg every 4 minutes. With the return to the horizontal 
position , carotid pressure , in all cases , showed a transient 
increase to approximately control values or from 2 to 8 
mm Hg (mean= 4 . 7 mm Hg) above control values . Pressure 
then decreased to pre- tilting levels or slightly below , 
in which case , a gradual return to control values occurred 
within 1 to 3 minutes . 
The femoral arterial pressure responses of 6 hamsters 
( 12 observations) to tilting were as follows : 
( 1 ) An increase of 14 to 22 mm Hg (mean= 17 mm Hg} 
occurred within the first 30 seconds of the head- up 
positi on . 
(2) From the 30th to 60th second of the head-up 
position , either the femoral arterial pressure remained 
stable (5 observations) or gradually increased an additional 
4 to 8 mm Hg (mean= 5 . 2 mm Hg) (7 observations). 
(3) Following the first minute of the head-up position , 
pressure , in all cases , remained relatively stable until 
the return to horizontal , at which time a gradual decrease 
to normal , pre-tilting values occurred in from 1 to 3 
minutes . 
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Electrocardiosram. The only consistent electrocardio-
graphic change observed during the head-up position was a 
general decrease in the amplitude of all components. No 
significant or consistent changes were observed in either 
individual waves or complexes or in the duration of any 
component. 
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THE MICROCIRCULATORY EFFECTS OF ACCELERATION . 
Fourteen well-defined motion picture r e cordings and 
simultaneous televised images of the microcirculation of 
the hamster cheek pouch were obtained from a total of 32 
hamster centrifugations. Poorly applied animal restraint 
and centrifuge vibration prevented the clear recording and 
televiewing of the remaining 19 experiments. The following 
table describes the pertinent information regarding the 14 
valid acceleration studies. 
TABLE 4 
OUTLINE OF THE MICROCIRCULATORY STUDIES 
CONDUCTED DURING CENTRIFUGATION 
TEST ANIMAL PEAK OPTICAL 
NUMBER WEIGHT & SEX g ONSET* MAGNIFICATION 
1 105 F 8 GOR 100X 
2 120 F 8 ROR 100X 
3 96 M 10 GOR 100X 
4 95 F 10 GOR 250X 
5 87 M 4.5 ROR 250X 
6 85 F 8 ROR 250X 
7 95 F 8 ROR 250X 
8 79 M 10 GOR 100X 
9 100 M 10 GOR 100X 
10 110 M 10 ROR 100X 
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TABLE 4 (Continued) 
TEST ANIMAL PEAK 
ONSET* 
OPTICAL 
NUMBER WEIGHT & SEX g MAGNIFICATION 
-
1 1 107 M 10 GOR 75X 
12 112 M 10 GOR 100X 
13 85 M 12 GOR 75X 
14 78 M 4 ROR 100X 
* "Onset" is here used to indicate the rate of application 
of acceleration. 
All centrifuged animals exhibited consistent and 
progressive microcirculatory changes. Depending upon the 
rate of application of acceleration, detectable decreases in 
flow in all vessels occurred between 3 to 5 g and complete 
cessation occurred at 4 to 6 g. Animals subjected to rapidly 
applied acceleration showed decreased flow at 3 to .l~ g and 
stasis at 4 to 5 g. Animals accelerated gradually exhibited 
these observable flow changes at 4 to 5 g (slowing of flow) 
and 5 to 6 g (stasis). When the magnitude of acceleration 
was 6 g or above, stasis was always followed by a reversal 
of flow in the arterioles. This reversal of flow was 
observed at accelerations of up to 12 g . 
With the deceleration of the centrifuge, the above 
pattern of flow changes was quickly reversed in those 
animals centrifuged at 8 g or less, i.e., flow reversal 
subsided and stasis again occurred followed by decreased 
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flow in the normal direction and, finally, normal flow. 
When accelerations of 8 g or above were imposed, between 
2 and 5 minutes were required following the complete 
cessation of centripetal acceleration before normal flow 
was again observed. In most cases, it appeared that the 
velocity of flow following centrifugation was greater 
than the flow rates prior to centrifugation. 
Figure 21, consisting of black and white enlargements 
of 16 mm motion picture frames taken during 10 g (gradually 
applied) centrifugation, illustrates some of the changes 
noted above. 
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1. Control- 1 g 
2. 10 g - Note decreased 
opacity and increased 
granularjty of vessel 
indicative of slower 
flow (reversed flow in 
this case). 
3. Recovery following 
centrifugation. 
FIGURE 21 : Microcirculatio~ During Centrifugation 
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THE GROSS EFFECTS OF ACCELERATION. The following 
results were obtained with the centrifugation of hamsters 
on the eight-foot centrifuge. 
Survival~ Mortality. Figures 22 and 23 summarize 
the results obtained with the centrifugation of 288 
hamsters. Much as expected, the hamster was generally 
able to survive high accelerations for only short periods 
of time and low accelerations for longer intervals. 
Although only a few hamsters (from one to eleven) 
were centrifuged for each of the various time intervals at 
the preselected g levels, it is possible to delineate two 
or three zones at each g. These zones are: (1) the zone 
of 100% survival (the time intervals at a given acceleration 
tolerable to all animals exposed), (2) the zone of 100% 
mortality (the durations of time to which all animals would 
succumb), and (3) the intermediate zone (the zone lying 
between the 100% survival and 100% mortality zones, in which 
some animals would live and others would die). Figure 24 
graphically illustrates the results of these centrifuge 
experiments in terms of these three zones. 
No pronounced differences in tolerance were found in 
regard to age, sex, or weight. 
Superficial Changes During Centrifugation. Superficial 
displacements were among the most consistent of all findings. 
Immediately upon starting the centrifuge, a longitudinal 
60m----------_---l-+-~ ... ... 
50~-------~------1---~----
~ ______________ , ___ ~----
! 37.5 --------+---~----
en 
-
35 ~ T ---------1---f----
·= ·25 
= 
Figure 21: Distribution Of Hamsters 
Utilized In The Study Of The Gross 
Effects Of Acceleration 
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2 3 4 5 6 7 8 9 10 11 12 13 14 15 
DURATION OF ACCELERATION in minutes 
- -
i 
.. 
l 
-
TIME I NUMBER OF HAMSTERS WEIGHT 
RANGE TESTED SURVIVALS RANGE 
g STUDIED TOTAL MALES FEMALES MORTALITIES in gms. 
5 2-15 min. 49 25 24 30/19 47-123 
-·-·-
10 2-7. 5min. 31 16 15 11/20 54-113 
15 2. 5-4 min. 32 18 14 I 15/17 56-117 
20 1-3.5 min. 29 16 13 15/14 58-130 
2-5 1-3 min. 20 11 9 5/15 61-115 
--- - ----
30 5 sec. to 30 17 13 8/22 51-115 
. 2. 5 min . 
35 5 sec. to 20 9 11 5/15 51-93 
' 2. 5 min. 
37.5 5 sec. to 19 10 9 3/16 53-101 
2. 5 min. 
40 1 sec. to 24 
1. 25 min. 
11 13 13/11 51-96 
50 1 sec. to 18 10 8 3/15 57-94 
1 min. .. 
60 1 sec. to 16 8 8 1/15 50-118 
1. 25 min. 
j_ ________ 
ACCELERATION RANGE - 5 to 60 g 
TIME RANGE - 1 sec. to 15 min. 
TOTAL ANIMALS CENTRIFUGED- 288 
SEX DISTRIBUTION- 151 males and 137 females 
WEIGHT DISTRIBUTION- 47 to 130 gms. 
FIGURE 13: DISTRIBUTION OF HAMSTERS UTILIZED IN THE STUDY OF 
GROSS EFFECTS OF ACCELERATION. 
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elongation of the torso commenced, the final extent of 
which was dependent upon the magnitude of the acceleration. 
This elongation was observed in all motion picture recordings 
accomplished during centrifugation and was mainly restricted 
to the abdominal and inguinal areas. 
The upper abdominal area exhibited a distinct narrow-
ing just below the last rib as the lower abdominal area and 
inguinal region displayed a lateral enlargement and dis-
placement toward and beyond the taped lower limbs . Dis-
placement of the shoulder girdle and rib cage was not 
pronounced and at lower accelerations (below 30 g), was 
almost negligible . With these changes, the torso assumed 
the shape of an hourglass during centrifugation . 
Figure25 illustrates the changes just described in a 
male hamster exposed to 60 g for 15 seconds . 
The lateral enlargement of the lower abdominal and 
inguinal areas appeared immediately and was due to the 
displacement of the bulk of the abdominal viscera toward 
the inguinal region (as was easily seen through the shaved 
dorsal skin of the animals) . 
In males, the scrotal sacs were markedly displaced 
beyond the lower limbs and at higher accelerations (above 
40 g) the penis was occasionally extruded . 
All of these changes were seen to reverse as soon as 
deceleration of the centrifuge was begun . The compressed 
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FIGURE25: Superficial Changes During Centrifugation 
1, Control; 2-7, Centrifugation, 1g to 60g; 8-12, Deceleration 
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viscera in the ngu nal region slowly retreated to the 
u per ~bdomen concurrent with the disap earance of torso 
elongation. 
Active struggl ng of the centr fuged ~nimals was found 
to occur at accelerations of up to 10 g. At 5 , inter-
mitten periods of strugglint: 'lnd qu escence were seen 
for ae long as three to four m nutes. At 0 g, active 
struggl ng aga Dst the restra nt W8S continued for a much 
... 
s~orter time and generally was not observed beyond the 
s~cond m nute of centr fugat on. Respiratory movemPrts 
and struggl ng were generally found to be sirnultaneou~ly 
depressed--i.e., follow·ns the last flurry of str~ggling 
during a particular experiment, respiratory movements 
rap dly decreased in depth and frequency. No active 
strucgling was observed above 10 g. 
Defecation commoLly occurred as the centrifuces 
s arted, n most cas~s ac the abdom nal v scera were com?ressed 
in the inguinal region. Urin2t on was never seen to o~cur 
dur ng centr fugation. 
Respiratory Changes. The nature, frequency, c:nd depth 
of respiratioD were markedly altered durins centrifuggtion. 
Although bdorninal reopiratory movements qre often seen in 
normal hamsters, those animals v sual zed durinr; centrifu-
~ation displayed only respiratory movements of a thoracic 
nature. Such movements were e1.sily noted durinc 
centrifugation since the skin covering the thorax became 
quite tightly drawn over the ribs, allowing any thoracic 
respiratory movements to be clearly seen. 
No visible respiratory movements were exhibited by any 
animal during the first five to ten seconds of testing--
i.e., during the period of visceral displacement--regardless 
of the magnitude of g. Beyond this initial five to ten 
second period, the magnitude of acceleration appeared to be 
the prime determinant of respiratory effects. 
103 
All animals able to maintain respiration for the 
required duration of a centrifuge test were found to survive 
the test, whereas those animals unable to survive a par-
ticular centrifugation were found to exhibit no respiratory 
movements prior to the termination of the acceleration. 
Although some animals recovered following the complete 
cessation of respiration during centrifugation, in no case 
did an animal die which was still breathing as the centrifuge 
was stopped. 
At 5 g, the initial period of respiratory depression 
was followed by relatively strong, rapid thoracic movements 
which generally exhibited a gradual decrease in frequency 
and increase in depth. The frequency of these respiratory 
movements continued to decrease until either they became 
non-existent or the experiment was terminated. A marked 
hyperventilation occurred in four animals tested at this 
acceleration level and was observed during the alternating 
quiescent periods of the first three to four minutes of 
centrifugation. Hyperventilation was never seen in animals 
which did not struggle during centrifugation. 
Animals centrifuged at 10 g exhibited respiratory 
effects similar to those shown by animals at 5 g. Respir-
ation was, however, maintained for much shorter intervals. 
As has previously been mentioned, respiration and struggling 
were generally both depressed at the same time with thoracic 
movements rapidly decreasing in depth and frequency follow-
ing the cessation of struggling . 
At acceleration levels of 15 g and above, respiratory 
movements became deeper, less frequent, and were maintained 
for much shorter periods than at lower accelerations. For 
example, at 20 g respiration was maintained for no longer 
than 90 seconds, at 30 g for no longer than 30 seconds, and 
at 40 g and above, respiratory movements were non-existent. 
Heart Rate and Electrocardiosraphic Chanses. Electro-
cardiographic recordings obtained at 5, 10, and 15 g were 
used primarily for determining variations in heart rate 
during centrifugation . Because the placement of the ECG 
electrodes was not tiPical (i . e., did not conform to the 
placement of electrodes for the classic Lead I, II, III, 
etc . ) and also because a displacement of both skin and 
electrodes took place during centrifugation, the time and 
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amplitude changes of the EGG are reported as they occurred 
and without interpretation . 
At 5 g : All animals exhibited an increase in heart 
rate which persisted for from 20 to 234 seconds (Mean = 
168 ~ 113.9 seconds) as the centrifugation was begun . 
Following this initial tachycardia, the heart rate con-
tinued below normal for the remainder of the centrifugation 
with occasional transient increases in rate . The lowest 
heart rate exhibited by hamsters surviving the centrifu-
gation was 98 beats/minute (range = 98 to 384 beats/minute 
with a mean of 197 ~ 127.4 beats/minute). Animals for 
whom the centrifugation proved lethal exhibited much lower 
heart rates during centrifugation with a mean of 51 ! 10.9 
and a range of 62 to 34 beats/minute. 
Both the nature and degree of electrocardiographic 
changes during centrifugation were found to vary somewhat 
between animals. The most consistent changes were as 
follows: 
P-Wave : The amplitude decreased during the first few 
minutes of centrifugation. This was in some cases followed 
by a gradually increasing amplitude which. during prolonged 
centrifugations would again decrease and finally disappear. 
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In a few cases, the duration of this wave was found to 
prolong as the amplitude was increasing during centrifugation. 
QRS Complex : The amplitude of the R-Wave consistently 
decreased during centrifugation as the S-Wave generally 
increased . Occasionally, the S-Wave amplitude decreased 
slightly during the early stages of centrifugation. 
During prolonged centrifugations , the duration of the QRS 
complex was prolonged . 
T- Wave : This wave, in practically all cases, increased 
in amplitude after generally decreasing during the first 
minute or two of centrifugation . 
During prolonged centrifugations (nine minutes and 
above), auricular fibrillation , complete dissociation, 
extra systoles, and wave inversions were frequently seen. 
At 10 g and 15 g : All heart rate and electrocardio-
graphic changes occurring at 5 g were again observed. Heart 
rate was more quickly depressed below normal at these 
acceleration levels than at 5 g . At 10 g, the mean time 
required for heart rate to fall below normal was 34 seconds 
(S . D. =! 23 . 8) . At 15 g , this mean time had dropped to 
18 seconds (S . D. = ± 13 . 4) . Also, the frequency and 
amplitude of transient increases in heart rate following 
the initial tachycardia were much less at these acceler-
ations than at 5 g . Electrocardiographic changes during 
10 and 15 g centrifugations were similar to those observed 
at 5 g , with all changes in wave amplitude and duration now 
occurring more quickly during the centrifugation. 
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Post- Centrifugation Phenomena. Three factors were 
quantitated following centrifugation: respiration, the 
return of consciousness, and all signs of disorientation 
or confusion. 
Regardless of the acceleration levels concerned, all 
survivals displayed similar recovery patterns. The only 
factors varying from g to g were the time intervals 
involved in the recovery of normal respiration and 
consciousness following the acceleratory stress. Respir-
ation (which was in all cases depressed by the centrifu-
gation) displayed a gradual recovery to normal. Conscious-
ness returned concurrent with and following the recovery 
of respiration . Once conscious, all centrifuged animals 
displayed, by degree, disturbances of equilibrium and 
locomotion which gradually disappeared. 
After being accelerated at 5 g, the majority of 
surviving animals displayed a rapid return of respiration 
and a rather slow return of consciousness . From 10 to 50 
seconds (average time, 28 seconds) was required until a 
first gasp was exhibited. Following this first post-
centrifuge respiratory movement, three to five minutes was 
' 
necessary before normal respiratory rate was observed. 
Consciousness was regained in from 30 seconds to 20 minutes 
(average time, 6.9 minutes). Figure 26 compares the 
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observed time periods between the stopping of the centrifuge, 
the first breath , and the return of consciousness at all 
g levels studied . 
Following acceleration at all g levels, disturbances 
of locomotion and general behavior were seen for from 2 
to 24 hours . In most cases , the hamster attempting to 
walk shortly after centrifugation would describe a circular 
path in a direction opposite to that in which the centri-
fuge rotated . In many cases , animals were seen to lie on 
their sides with limbs thrashing for several minutes . When 
such animals were turned to the normal walking position, 
they would crawl , again in a direction opposite to that 
of the centrifugal rotation . Food or water was seldom 
taken during the f i rst few hours following the acceleration . 
Pathologic Findings . All centrifuge mortalities and 
occasional survivals (especially those surviving the higher 
duration centrifugations) were subjected to gross necropsy 
examination which disclosed the following : 
5 g . The only unusual findings at this magnitude 
of acceleration were scattered petechiae in the tunica 
vaginals of males and a slight engorgement of the vessels 
of the lower abdomen, especially the mesenteric veins, in 
both sexes . The uterine vessels in the uteroovarian 
ligament of females was noticeably engorged. No tissue 
trauma was detected at this acceleration. 
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I 
1 
I 
I 
' 
I 
TIME FROM END OF TIME FROM END 
CENTRIFUGATION TO OF CENTRIFUGATION 
RETURN OF CONSCIOUSNESS TO FIRST BREATH 
g in min. in sec. 
--
5 28.0 6.9 
10 13.3 53.0 I 
I 
15 16.8 37.3 
I 
20 11. 5 10.9 I 
I 
25 9.0 18.0 
. 30 4.6 35.0 
~5 I 11. 5 23.0 I 
I 
37.5 14.5 60.0 I I 
' 
40 2.0 14.2 
50 3.0 25.0 I 
60 1 .. 0 10.0 
FIGURE 2.6: AVERAGE TIME INTERVALS OBSERVED BETWEEN 
THE END OF CENTRIFUGATION, FIRST RESPIRATORY ' 
MOVEMENT, AND THE RETURN OF CONSCIOUSNESS 
IN SURVIVAL ANIMALS CENTRIFUGED FROM 5 to 60 g. 
II 
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10 g. The average number of petechiae occurring 
in the tunica vaginalis increased as did the engorgement 
of the veins of the lower abdomen and genitalia. In 
addition, a few petechiae were observed on the posterior 
surfaces of the diaphragmatic lobes of the lungs of a few 
animals. 
15 g. The tunica vaginalis of males centrifuged 
at this acceleration level were found to contain numerous 
scattered petechiae, far greater in number than previously 
seen at 5 or 10 g. Also, both the number and frequency 
of petechiae in the depe_ndent lung surfaces was found in-
creased. Venular engorgement in the dependent portions of 
the abdomen and inguinal region was much more marked than 
previously. At this g level, no free blood or tissue 
trauma could be detected . 
20 g. All of the pathologic findings previously 
noted were again found to be noticeably increased with this 
acceleration. The petechiae in the tunica and lung surfaces 
were now found, in most cases , to have coalesced in small, 
discreet ~reas of one or two millimeters in diameter. In 
three cases, free blood was found in both the thorax and 
abdomen, traceable in each case to complete severance of the 
inferior vena cavae between the diaphragm and heart. The 
esophageal hiatus of the majority of animals was found to 
be enlarged with the esophagus passing freely through it. 
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In all such cases, the usual connective tissue attachment 
of the esophagus to the diaphragm was found severed. 
Thoracic blood collecting from the severed inferior vena 
cava could easily gain access to the abdomen through such 
enlargement of the hiatus. In two cases, free blood was 
found in the cranial vault and in one of these animals 
a massive nasal hemorrhage had occurred. The specific 
cause of the cranial and nasal bleeding could not be 
determined. 
1 1 1 
25 g. Additional increases in petechial hemorrhage 
and vascular engorgement were again noted. The incidence 
of nasal hemorrhage, free blood in the cranial vault, and 
severed inferior vena cavae was also found to be much in-
creased and in fourteen of the fifteen animals succumbing 
to this acceleration, either a severed vena cava or free 
blood in the cranium was found. 
30 g . Increases in degree of all of the previously 
enumerated findings were now discerned. The areas of co-
alescing petechiae in the tunica vaginalis had now increased 
so as to cover an entire teste and occupied several milli-
meters of the diaphragmatic borders of the surface tissue 
on the dependent lobes of the lungs. 
35 g. All animals dying on the centrifuge now 
showed similar findings, which were: severed inferior vena 
cavae between the diaphragm and heart, massive areas of 
coalescing petechiae in the tunica vaginalis and lung sur-
faces, and pronounced engorgement of abdominal and inguinal 
vessels. In addition, the frequency of nasal hemorrhage 
and free blood in the cranial vault was found increased. 
37.5 g. No noticeable difference in pathologic 
findings occurred at this acceleration level as compared to 
those found at 35 g. 
40 g. At this g, as at the previous two acceler-
ation levels, pathologic findings were consistent and 
similar. 
50 g. Findings were again similar with all of 
the tunica vaginalis discolored by ecchymoses and the 
coalescing petechiae in the lung tissue now generally 
observed in all lobes and of substantially increased size. 
All mortalities were found to show free blood in the 
cranial vault. 
60 g. (See Figures 27 and 28 .) In addition to 
the findings reported at 50 g, two animals centrifuged at 
this level showed complete detachment of the liver and three 
other animals were found to have the first cervical vertabra 
dislocated from its usual position in the foramen magnum. 
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In regard to the relationship between the severity of 
gross findings and the duration of a particular acceleration, 
it was found that with the exception of only petechiae, 
animals dying in the shortest or longest time intervals at 
INFERIOR VENA CAVA ' 
WHICH USUALLY LIES 
•············ OVER THE ESOPHAGUS 
••••·•• HAS SEVERED AND IS 
NO LONGER SEEN 
·••••••••••• HEMORRAGIC AREAS 
IN LUNG TISSUE 
••••• FREE BLOOD IN 
•• THE THORAX 
............ FREE BLOOD IN 
·•····················· 
THE ABDOMEN 
PETECHIAE COVERING 
THE SURF ACE TISSUE 
OF THE TESTE 
FIGURE 21': EXPOSED THORACIC AND ABDOMINAL CAVITIES OF 
HAMSTER EXPOSED TO 60 g FOR 15 SECONDS. 
CENTRIFUGED I 60 g for 15 seconds NON-CENTRIFUGED 
FIGURE Z\l: COMPARISON OJ TESTES 
OF CENTRIFUG~DAND NON-
CENTRIFUGED HAMSTERS. 
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any given g, exhibited gross pathologic findings of a 
similar degree. Petechiae, on the other hand, were found 
to occur in increased numbers with the more prolonged 
accelerations at all levels. 
!h£ Influence of Various Anesthetics on the Gross 
. --
Effects of Acceleration. Figure 29 compares the survival 
and mortality of the four groups of anesthetized hamsters 
with that of the non-anesthetized group when all were 
centrifuged at 5 g for from four to nine minutes. 
It is seen that the tolerance of all anesthetized 
groups was less than that of the non-anesthetized animals. 
Whereas only 3/26 or 11.5% of the non-anesthetized group 
succumbed to the acceleration; 6/12 or 50% of the group 
treated with Dial with Urethane died, an equal number and 
percentage of animals treated with Chloralose died, and 
5/12 or 41.7% of the group treated with the lower dosage of 
Pentobarbital died as did 9/12 or 75% of the animals treated 
with the higher dosage of Pentobarbital. 
Superficial changes exhibited by the anesthetized 
groups during centrifugation were identical to those 
11 4 
exhibited by the control animals with, of course, no struggling 
in the anesthetized group. 
The respiration of the anesthetized animals during 
centrifugation differed in some respects from that of the 
control group. All observed respiratory movements were 
DIAL with I 1 1 1 •• •1• •• ' 
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CHLORALOSE I I I I .. •• -~ 
PENTO· ~ 
BARBITAL I I I I ... ·~ •I• 
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Figure 2.9: THE EFFECT of VARIOUS A~ESTHETICS on the Survival of the Golden Hamster at Sg 
\.Tl 
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aga n of a thoracic nature and the 5 to 10 second period 
of apYlea previously observed \vi th non-anesthetized ar m'lls 
dur nc the onset of centrifuzation was also seen wi~h ~11 
anestheti~Pd 2~ ffials. 
With the except on of the animals treated w th 
Chloralose, the respiratory movements of the tre~ted 
ar imals rerrained relatively \veaker and more shAllow than 
those observed with control an mals. An mals anesthe~ized 
with Chloralose exhibited ex~ reme a~d widely fluctuqting 
changes in the depth and frequency of :respiration. During 
centrifuc:ation, such animPls exhibited alternatint: periods 
of apnea, hyperpnea, and appareYJ.tly normal respi:r..,tior., all 
of which persisted for varying lengths of time until either 
the animal had succumbed or t~e centrifuge was stopped. 
The heart rates of anesthetized and non-anesthetized 
hamsters during centrifugat on are compared in F gure 30. 
It was found th~t D al with Urethane aYld Pentobarbital 
caused some cardiac ~epression both rrior to and during 
centr fugation with Chlo~alose produc ng w dely fluct~ating 
pulse rates wh ch in many animals exceeded the pre-centri-
fu0atior.. values obtained vli t~ non- anesthet zed hem sters. 
The trans ent tachycardia observed w th all control an ffials 
at the onset of the acceleration was rarely seen wit~ ~YlY 
of the onesthetized e:roupe ard, r the few CASes in which 
it did appear, was found to peroist for a much shorter 
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TIME AT 5 g BEFORE 
CONDITION OF PRE- HEART RATE LOWEST HEART 
ANIMALS DURING CENTRIFUGATION DECREASED BELOW PRE- RATE EXHffiiTED 
CENTRIFUGATION HEART RATE CENTRIFUGATION LEVEL BY SURVIVALS 
(in sec.) 
I 
Range Mean Range Mean Range Mean I 
I 
NON-ANESTHETIZED 417 to 451 ± 20 to 168 ± 98 to 197 ± 
(Control group) 480 27.1 345 113.9 384 127.4 
ANESTHETIZED Wll'H 371 to 418 ± The Mort rate of all mi•ls ;...d- 84 to 104 ± 
DIAL WITH URETHANE 476 43.7 iately fell below nor.! values as the 126 17.9 t centrifuge lOllS started . 
. I 
ANESTHETIZED WITH 348 to 469 ± 
Otly three mi.. Is did not exhibit 
an i..ediat~ decrease in heart rate. 45 to 107 ± 
CHLORALOSE 'IMse mintained heart rates above nor- 261 79.4 ' 540 77.2 
1141 for eight, tm, md tm seconds. 
I 
ANESTHETIZED WITH Otly me ani~~al did not exhibit an 75 to 97 ± 378 to 409 ± i-.ediate decrease in heart rate. This PENTOBARBITAL 449 27.6 ani.-al mintained heart rate above nor- 113 19.8 (6 mg/100 gm) 1141 values for ten secmds . 
. ~
. 
ANESTHETIZED WITH 389 to 419 ± .(II heart rates ckcreased bel001 90 to 99 ± PENTOBARBITAL 465 40.3 nor•! values •ithin five secmds. 108 12.7 (10 mg/100 gm) 
I 
FIGURE 30: COMPARISON OF THE HEART RATE DATA OF ANESTHETIZED AND 
NON-A~ESTHETIZED HAMSTERS CENTRIFUGED AT 5 g. (Means are 
shown w1th standard dev1ations.) 
II 
interval than with control animals. The minimal heart 
rates exhibited by anesthetized animals during non-fatal 
centrifugation were generally less than those exhibited 
by non-anesthetized animals subjected to the identical 
stress. Figure 31 compares the heart rates of two animals 
anesthetized with each of the anesthetics tested and two 
non-anesthetized hamsters during the first four minutes 
of centrifugation at 5 g. The two tracings selected from 
each group represent, wherever possible, the typical heart 
rate responses of the group. 
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DURATION OF ACCELERATION in minuteo 
FIGURE '5': COMPARISON OF THE HEART RATES OF ANESTHETIZED & NON-
ANESTHETIZED HAMSTERS DURING THE FIRST FOUR MINUTES OF 
CENTRIFUGATION AT 5 g 
THE EFFECTS OF UNILATERAL AND BILATERAL CAROTID 
ARTERY OCCLUSION ON THE CHEEK POUCH MICROCIRCULATION AND 
FEMORAL ARTERIAL PRESSURE OF THE GOLDEN HAMSTER . Twelve 
simultaneous cheek pouch observations and blood pressure 
recordings were accomplished on six hamsters during 
unilateral and bilateral carotid artery occlusion. The 
results obtained with all animals were quite consistent 
and exhibited only slight variation. 
Figure 32 illustrates the typical response of the 
femoral arterial pressure to carotid occlusion . Unilateral 
occlusion , regardless of whether accomplished on the right 
or left common carotid , invariably produced a sudden in-
crease in pressure of from 35 to 65 mm Hg (mean = 48 mm Hg) 
above control values. Release of the occlusion produced a 
rapid decrease in pressure to approximately preocclusion 
levels within 14 to 20 seconds . When the carotid artery 
to be occluded was ipselateral with respect to the cheek 
pouch being visualized, stasis was seen concomitant with 
occlusiou. When the occlusion was performed upon the 
contralateral carotid artery , no changes of any kind were 
exhibited by the vessels of the cheek pouch. 
Bilateral carotid artery occlusion produced greater 
elevations in femoral arterial pressure than did unilateral 
occlusion . All animals exhibited an immediate and rapid 
increase in pressure of 60 mm Hg or more which persisted 
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FIGURE}~: BLOOD PRESSURE RESPONSES OF THE HAMSTER TO UNILATERAL AND BILATERAL OCCLUSION* OF THE CAROTID ARTERY. 
• Occlusion wu accomplished 2-3 mm below the carotid "sinus". 
Presa~re recordings obtained by means of cannulation ol the right femoral artery . 
Animal maintained in the horizontal position. 
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for as long as the bilateral occlusion was maintained. 
Release of the occlusion again produced a rapid decrease 
in pressure to preocclusion levels. Unilateral and 
bilateral carotid occlusions produced consistent heart 
rate increases of 18 to 23 beats/minute. Microcirculatory 
observations revealed no differences between bilateral 
and ipselateral occlusions and cheek pouch vessel response, 
with stasis and no other changes being produced in both 
cases. 
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DISCUSSI ON 
The results of this investigation , although limited 
to the reactions of a single species , have in part been 
found to both confirm and extend a portion of the prior 
work of other investigators dealing with animal responses 
to the forces produced by positive acceleration and gravity . 
The organ and tissue dislocations and superficial 
changes in rats and rabbits exposed to accelerative stress 
as described by Gell and Cranmore34 , and by Britton et a1 . 8 , 
have been shown to also occur in the hamster . The majority 
of findings reported by these workers were observable in 
motion picture recordings of the hamster during centri-
fugation . Further , by extending the 50 g maximum of these 
previous studies to the 60 g maximum of the present study, 
and by utilizing restraint which afforded minimal protection , 
it has been possible to extend the study of distortions to 
that point at which the elastic limit of the inferior vena 
cava and liver are exceeded and tissue dislocation occurs . 
The gross necropsy findings of the present study agree 
with those reported by Cranrnore 17 , Jasper and Cipriani51 , 
Britton et a1 . 8 , and Beckman et al . 3 The hamster necropsy 
examinations , however , were of a more superficial nature 
and arose following the use of animal restraint of a 
radically different type than previously employed . This may 
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account in part for the two necropsy findings of the 
present study which had not previously been reported ; the 
presence of blood in the cranial vault and the severance 
of the inferior vena cava at 15 g and above . 
The heart rate and ECG responses of the hamster during 
centrifugation were found to conform to the general pattern 
reported for rats , dogs , and monkeys8 , 9 In all cases, 
non- anesthetized hamsters exhibited an initial tachycardia 
during centrifugation . The duration of this tachycardia 
was found to be dependent upon both the magnitude and 
duration of acceleration . Prolonged accelerations or 
accelerations of increasing magnitude produced a rapid de-
crease in heart rate . ECG recordings displayed similar 
changes to those reported by Britton et a1 . 8 with the 
amplitude of all components decreasing during centrifugation . 
The depressed respiration of hamsters observed during 
centrifugation was also in agreement with reported obser-
vations on the respiratory reactions of rats , dogs , and 
cats to accelerative stress8 ' 9 . 
It had been expected prior to this investigation that 
the overall cardiovascular reactions to positive acceler-
ation would probably include an observable constriction of 
vessels in the cheek pouch as cerebral flow decreased . The 
logic behind this expectation had been that if the hamster 
behaved as other mammals under the conditions of cerebral 
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ischemia , and if centrifugation produced such cerebral 
ischemia , vasomotor activity would in all probability 
participate in the cardiovascular compensatory reactions 
evoked . Decreased cerebral flow in small animals has been 
shown to occur during accelerative stress by Britton et 
a1 . 8 ' 9 , as have the compensatory reactions of increased 
heart rateS , 9 and post- centrifugation blood pressure 
increases9 ' 10 • 
I n keeping with the above assumptions, the micro-
circulatory reactions of the cheek pouch during centri-
fugation were somewhat surprising in that no diameter 
changes were observed . However , when considered with the 
heart rate and respirator y changes occurring during 
centrifugation, and wi th the necropsy find i ngs following 
centrifugati on , the absence of such diameter changes 
becomes more understandable . In the light of all physio-
logical informati on obtai ned , it appears that the main 
compensatory reaction of the hamster to centrifugation is 
an increased heart rate . This tachycardia appears to be 
adequate at accelerations of up to 4 to 5 g , for maintaining 
sufficient cerebral flow for 3 to 4 minutes . Evidence for 
this is the observed struggling of animals at this g- time 
combination and also the observed microcirculatory flow up 
to 5 g . At g- time combinations exceeding the above , it 
appears that (1) either a cerebral anoxia rapidly developes 
1 25 
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which could quite conceivably paralyze the cardiac, 
resp ratory, and vasomotor centers or (2) the smnll blood 
vessels of the cheek pouch s mply do not eli0it vqso-
motor reactions n response to decreased cerebral flow. 
Evidence for the occurrence Rrd existence of both of these 
two possibilities are ( 1 ) the development of b~adycardia 
and respiratory depression during centri~uggtion ~rd 
(2) the results of the carotid occlusion exr>erimentR f:J. clJ. 
~dicqte no cheek pouch re~ct on other than flow change 
n response to decreased carotid flow. 
The microcirculatory flow chances recorded durirg 
centrifugation coincide clo~ely with the caret d ~low 
changes reported by Britton et al . 9 rnhese wor7e,..,e found 
that staeis occurred in the c~rotid arte,..,y of do:s and 
monkeys at 3 to 4 c (with the acceleration very rapidly 
applied). 'T'hiE' is the ap roximate acceleratior ~CY1[.8 
durin£ which stasis was visu~ lized in the hameter cheek 
pouch. The Pbove wor~ers Plso report reduced flo 
precee~i~g stesis--a condit~on also visucl ~ ~ed r the 
chee[r pou.ch. 
It is interesting to note that the cauFe of death due 
to accelerat o~ is not attr butable to one sincle ~actor 
t~roughout the range of aC 0 PlCrRtiors stud4ed, but ie due 
rather to ary one of several fqctors deperdcnt upo~ the 
ITie[ni tude al1C dUration 0 ::' accelerat On. ':" 116 nbP~rYed 
data indicate that the following mortality zones exist 
for the hamster during acceleration : 
Zone 1: 5 g to 20 g . Death is apparently due to 
cerebral anoxia either caused by a cerebral ischemia or 
respiratory failure . It is not clear whether respiratory 
depression causes , or is caused by the cerebral anoxia . 
No evidence to indicate any other cause of death could be 
found . 
Zone 2 : 20 g to 60 g . Death in this acceleration 
range was traceable to ( 1 ) hemorrhage resulting from the 
severance of blood vessels or (2 ) unknown causes which may 
be assumed to be the same as those producing mortality in 
Zone 1 , i . e ., cerebral anoxia . The inferior vena cava , 
either because of a relatively low elastic limit or more 
probably because it is stretched to a greater degree than 
other vessels by the downward displacement of the liver 
during centrifugation , appears to be the vessel most easily 
damaged by accelerative stress . 
Zone 3: 60 g and above . All centrifuge mortalities 
at 60 g exhibited complete severance of the inferior vena 
cava and , in addition , several animals displayed the 
complete detachment of the liver . Thus , death at 60 g 
and above may be attributed to anemic anoxia caused by 
hemorrhaging which is , in turn , traceable to the tearing 
of larger blood vessels and the detachment of organs . 
127 
Anesthesia was found , in all cases , to decrease the 
tolerance of the hamster to positive acceleration . It 
would appear , from the comparison of the heart rates of 
conscious and anesthetized animals , that all of the 
commonly used anesthetics tested reduce tolerance by de-
creasing the compensating ability of the cardiovascular 
system . This may be accomplished by either the action of 
the anesthetics directly on the medullary centers31 ' 37 , 106 
or simply by a negation of the psychic effects exhibited by 
conscious animals unaccustomed to centrifugation. 
The physiological reactions of normal and weakened 
hamsters to the change in position from the horizontal to 
erect , were for the most part equivocal . The heart rate , 
respiration , and electrocardiogram of tilted hamsters were 
found to exhibit no marked or consistent changes . Like-
wise , the microcirculation displayed all possible variations 
regarding vessel diameter with the greatest number of 
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animals tilted exhibiting an initial arteriolar constriction . 
Blood pressure responses to the erect position were somewhat 
revealing in that carotid arterial pressure exhibited a 
consistent increase following an initial decrease . This 
would tend to indicate the triggering of some compensatory 
mechanism other than heart rate by the fall in pressure 
engendered by the change in position . On the basis of 
results obtained with the carotid occlusion experiments , 
this mechanism would appear to be pressoreceptive in 
nature and anatomically situated in the head region of 
the hamster . 
The tilting results are somewhat obscured by the fact 
that few valid recordings could be obtained from conscious 
animals . With the exception of only two heart rate and 
respiratory observations , the remainder of the data were 
obtained from anesthetized hamsters . Some difficulty thus 
exists in clearly defining the effects of tilting upon 
which are superimposed the variable effects of anesthesia . 
However , because anesthetization , in all probability , tends 
to decrease rather than increase the physiological reactions 
to tilting , it seems safe to assume that gravity does not 
constitute a marked stress for the hamster which is quite 
active and frequently (without apparent difficulty) assumes 
the erect position in the course of normal activity . 
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SUMMARY AND CONCLUSIONS 
Four hundred and eighty-six hamsters were utilized 
in investigating the gross and microcirculatory effects 
of gravity and acceleration . 
Heart rate , respiratory rate , blood pressure , and 
microcirculatory data indicate that tilting from the 
horizontal to vertical, head-up position does not 
constitute an adequate stress for the eliciting of ab-
normal physiologic responses in the hamster. The only 
consistent response of significance was an apparent 
compensatory increase in carotid blood pressure following 
an initial pressure decrease which occurred as the vertical 
position was achieved . Animals weakened by hemorrhage 
prior to tilting exhibited a greater frequency of flow 
decreases than did non-hemorrhaged animals . Neither group 
displayed consistent vessel diameter changes in the head-
up position . 
The increased forces of acceleration produced sig-
nificant changes in all physiologic factors investigated. 
The ultimate response of the organs and systems studied 
was in most cases directly proportional to the magnitude 
of the imposed acceleration. 
An initial heart rate increase occurred with centri-
fugation but was not maintained during prolonged experiments 
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at 5 to 15 g . Respiration was depressed in all but a 
few animals . All waves of the electrocardiogram were 
decreased and inversions , extrasystoles and other cardiac 
abnormalities were recorded in animals undergoing 
accelerative stress . 
The tearing of vessels at 20 g and above and the 
detachment of the liver at 60 g account for the low 
survival rates obtained in this range of accelerations . 
The cause of death below 20 g , based primarily on indirect 
evidence , appears to be cerebral anoxia produced by the 
inabi l ity of the hamster to maintain adequate blood 
press~re to the head . 
All of the three anesthetic agents utilized with 
centrifuged animals decreased tolerance . Each of these 
agents was found to reduce or completely eliminate the 
initial tachycardia seen with non- anesthetized hamsters . 
Evidence for the existence of pressoreceptors in the 
hamster is found in the blood pressure and heart rate 
responses of the animal to unilateral and bilateral 
carotid artery occlusion . Rapid increases in pressure 
and a cardiac acceleration occurred immediately upon 
occlusion of the vessels . The rapidity of the s e reactions 
would tend to negate any possibility other than the 
existence of a pressure sensitive reflex mechanism . The 
cheek pouch microcirculation reacted to carotid occlusion 
1 31 
by flow changes only and again exhibited no diameter changes . 
In the light of evidA~ce present~d !n th~P nvrrti-
c1tion, that the smc;.ll tloor vessels 
cheek pouch do not actively parti0 pate in the car~1~varcu-
l~r compensat ons elicited by such ~~anccs ~f e~r~ase~ 
~ 1 ood flow to the tead. The ~ain ~unction o~ ~he L~rro-
circulat on of the cheek pouch may well b~ rcrtrl~tP~ to 
pouch OYJ.ly. Since the metabolic demands of the cl'lE ck 
pouch n ell likel hood are small, ar~ -i~"e r-lativ~ly 
short time i~tervals were involved in all ~ortions of thi~ 
centrifugation, 13nd carotid occlus:on '':'.<':f well be _ph~·sio-
logically justified. 
APPENDIX 
FACTORS INVOLVED IN GRAVITY AND ACCELERATION* 
The proper discussion of any subject is impossible 
without a basic understanding and clear definition of the 
terms used. For this reason , and also because common 
usage has caused some confusion concerning gravitation 
and acceleration terminology , this appendix is prefaced 
by the following definitions : 
MOTION . A general term d9noting change in position 
with regard to a reference point . 
SPEED . The rate of motion along a path. It is a 
scalar quantity and represents the magnitude of 
"velocity ". 
VELOCITY . A vector quantity which involves both 
magnitude (speed) and direction . Also defined 
as the rate of change of position. ANGULAR 
VELOCITY is the time rate of change of angular 
displacement from a given reference line. 
INERTIA . The property possessed by all matter of 
maintaining a constant velocity or resisting 
any change in the state of motion . 
*References 4, 16, 18, 45, 57, 86, 89, 91 , 99 , and 103 
were consulted in compiling this appendix. 
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MASS. The physical or quantitative measure of 
inertia. The mass of an isolated system is 
a constant . 
GRAVITY . The attractive force between the earth 
and all matter within its sphere of influence. 
The magnitude of gravitational force on a body 
at a particular point on the earth establishes 
the "weight" of the body at that point and the 
direction of the force defines the term 
"vertical ". 
ACCELERATION . The rate of change of velocity. 
There are three commonly encountered types of 
acceleration : 
1 . Linear Acceleration . The rate of change of 
linear velocity . Produced by a change in 
speed with direction held constant . 
2 . Centripetal Acceleration. Produced by a 
change in direction with speed held constant . 
Speci fically , it is the acceleration toward 
the center which any particle moving at a 
constant speed in a circular path encounters. 
3 . Angular Acceleration . The time rate of 
change of angular velocity. For a particle 
in a circular path , it is produced by a 
change in speed . 
NEWTON ' S LAWS OF MOTI ON. 
First Law. Any material object continues in its 
state of rest or uniform motion in a straight 
line unless acted upon by some external force. 
That is , when the resultant of all forces 
acting on an ob j ect is zero, the object , if 
at rest , will remain at rest. If in motion, 
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an object so acted upon will continue its 
motion in a straight line at a constant 
speed. Stated in still another way, if the 
resultant force on an object is zero, there 
will be no acceleration. 
Second Law. The measure of the force acting 
upon an object to alter its state of rest or 
uniform motion is the product of the object's 
mass multiplied by the acceleration produced 
(F=MA). When a force acts on a body, the 
body is accelerated in the direction of the 
force and proportional in magnitude to the 
force. 
Third Law. For every force, there is an equal 
and opposite reactive force. 
NEWTON'S LAW OF UNIVERSAL GRAVITATION. Any two 
particles in the universe attract one another 
with a force which is directly proportional to 
the product of their masses and inversely pro-
portional to the square of the distances between 
them. 
I. GRAVITATIONAL ACCELERATION 
All bodies allowed to fall freely above the surface 
of the earth are subject to an attractive force which is 
directed toward the approximate center of the earth's mass. 
This attractive force, or gravity, causes all falling 
bodies to be accelerated toward the earth at a relatively 
fixed rate*. Gravitational acceleration remains, for all 
*The wind resistance encountered during free fall 
exerts a definite force on any falling body. For the sake 
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practical purposes, a constant for all material objects 
at a given point above the earth since the ratio F/M, to 
which acceleration is equal (from the equation F=MA), 
has the same unchanging value for all objects so long as 
the force, F, is due to only gravity. Thus, if two objects 
are considered at the same point in space and one has twice 
the mass of the other, the more massive will have a force 
exerted upon it which will be twice the force exerted on 
the less massive but THE ACCELERATION OF BOTH OBJECTS 
TOWARD THE EARTH WILL BE IDENTICAL. The symbol "g" is 
used to denote the acceleration of gravity and has a value 
of 32.17 feet per second per second. 
An animal, undergoing free fall as indicated above, 
has all its body parts subject to the same acceleration. 
Since no one component of the falling organism is acceler-
ated faster than any other component, no unequal displace-
ments of organs or tissues occur. Instead, the body parts 
assume a neutral displacement relative to one another and 
* the animal experiences a weightless state . So long as 
of simplicity, however, all discussion concerning wind 
resistance has been omitted and bodies are assumed to fall 
in a vacuum. 
*Weight has previously been defined as the magnitude 
of gravitational force acting on a body. The relationship 
between weight (W), mass (M), and gravitational acceleration 
(g) is shown by the equation W=Mg. Weight is thus seen as 
being directly proportional to both the mass of the body 
and to the acceleration imposed upon the mass. 
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gravitational acceleration continues without opposition, 
no weight or force is felt by the passively falling 
organism . 
If any restriction is placed upon a body under the 
influence of gravity which in any way prevents it from 
falling freely, the situation discussed above is immedi-
ately altered. Contact with the surface of the earth or 
any extension of the earth represents such a restriction. 
The passive animal in contact with the earth is 
subject to the same attractive force as the animal under-
going free fall. In the case of the stationary animal, 
however , the earth exerts an opposing force upon all 
areas of contact which is equal and opposite to the force 
produced by gravity. The two forces concerned, however, 
are of a dissimilar type. Gravitational force, being 
pervasive, affects all parts of the organism to a degree 
which is dependent upon only their mass--i.e., gravity 
exerts an equal force per unit mass over the total 
organism and all its parts. The opposing force of the 
earth, on the other hand, is a locally applied force and 
is fully experienced by only those parts of the organism 
in direct contact with the earth or by those parts to 
which the force is conducted by means of the skeletal 
system or other force-transmitting body components. As 
has been stated in the introduction to this paper, the 
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animal body is not a solid mass but is instead a grouping 
of cells, tissues, and organs which vary in both density 
and in attachment to one another . When such a body is 
subjected to a force evenly applied over its entire mass 
(gravity) and at the same time is prevented from moving 
in response to this force (because of the counter force 
of contact with the earth), the various components will be 
acted upon to a degree which is dependent upon their 
individual density (mass) and their attachment to one 
another . Because of this inequality of force, the body 
parts experience dissimilar displacements. Thus, with 
humans in the standing position, the loosely-supported 
heart, lungs, and viscera are drawn do\vnward; the blood, 
lymph, and other body fluids tend to collect in the de-
pendent portions of the body; and the dense components 
of the skeletal system tend to press upon one another at 
junction areas. It is these relative displacements that 
produce sensations which are interpreted as the weights 
of the various body parts involved . 
The pertinent points of the foregoing discussion may 
now be stated in the following outline: 
(1) Gravity represents a const~~t and pervasive 
force for all earthbound creatures. 
(2) Gravity , if unppposed will produce a character-
istic acceleration of all objects within its 
sphere of influence. 
138 
(3) When opposed by an equal and opposite contact 
force, gravity no longer produces an acceleration 
but will instead produce the displacement of 
objects which are not rigidly supported and the 
distortion of highly elastic or very flexible 
* objects • 
(4) It is not acceleration which is experienced by a 
body, but only the forces produced by acceler-
ation. 
(5) Weight is the only subjective experience produced 
by gravity. 
II . NON-GRAVITATIONAL ACCELERATION 
All discussion to this point has been presented as 
being unique for bodies under the influence of the gravi-
tational attraction of the earth . However, the acceleration 
and force relationships outlined are not peculiar to gravity 
alone. An organism subject to (1) any pervasive, acceler-
ation-producing force of the same intensity and direction 
as gravity and (2) kept from freely moving through space in 
response to this force by a contact force of equal magnitude 
and opposite direction , will experience sensations of 
weight identical to those encountered on the surface of the 
earth. Since gravity is made directly known to us only by 
*These displacements and distortions are, of course, 
considered normal for objects on the earth. 
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the sensations of weight it produces, we cannot, on the 
basis of forces alone, discriminate between gravitational 
and non-gravitational forces. To restate the foregoing 
in non-subjective terms, the same conditions of displace-
ment and distortion are imposed upon an organism and all 
its parts whenever the organism is exposed to conditions 
(1) and (2) set forth above, regardless of whether the 
forces involved are naturally occurring (as is the case 
with gravity) or artificially created. 
From the above considerations, it follows that if the 
magnitude of the pervasive force and counter force are 
increased while still 
kept equal and opposite, 
the body components will 
experience increased 
weight. To illustrate 
this point, consider the 
forces acting upon a 
pilot turning an air-
craft from a downward 
vertical dive to a 
horizontal course with-
out a change in speed 
(see Figure 33). 
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FIGURE 33: Acceleration and Force 
Relationships during an Aircraft 
Turn (Description in Text) 
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From the time the aircraft departs from the straight 
vertical path of the dive, V, and assumes straight-line 
flight in the horizontal direction, H, both the pilot and 
the aircraft will describe the arc of an imaginary circle 
(of radius, r). As with any mass made to move in a 
circular path, pilot and aircraft will undergo a constant 
change in the direction of velocity or, by definition, 
centripetal acceleration. Such acceleration is always 
directed toward the center of the circular path, A, and is 
produced by centripetal force, F1 , or the force necessary 
to keep the mass in constant deviation from straight-line 
motion. The mass, in turn, exerts a force of equal magni-
tude to the centripetal force but directed in an opposite 
direction--i.e., outward. This equal and outward force is, 
of course, centrifugal force, F2 • 
Like the body at rest on the earth, the turning pilot 
is subject to a contact force (centripetal force) which is 
acted against by an equal and opposite pervasive force 
(centrifugal force). The centripetal force is not pervasive 
but is directly applied to body areas in direct contact with 
supporting surfaces of the aircraft. From these areas of 
contact, the supporting force is transmitted by the 
skeletal system and other structures to non-contact areas 
of the pilot, where relative displacements are produced 
dependent upon the mass and support of the particular 
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component (just as previously described for the animal in 
contact with the earth) . The ultimate force or weight 
experienced by the pilot or any of his body parts in this 
case is contingent upon the speed of the aircraft and the 
radius of the turn* and not upon a relatively unchanging 
attractive force, as is the case when dealing with gravity . 
Accelerations may be arbitrarily classified according 
to the following four factors : (1) magnitude, (2) duration, 
(3) direction, and (4) rate of application . 
(1) MAGNITUDE : Acceleration workers have, for the 
sake of convenience, accepted gravitational acceleration or 
"g " as the reference unit for all accelerations regardless 
of the causative forces involved . With this usage, the 
original definition of "g" has been modified so that it is 
presently defined as that acceleration which produces a 
** force equal to the normal or standard weight of the object 
undergoing acceleration. "Two g", by this definition, 
would be the acceleration producing a force equal to twice 
the normal weight of the accelerated object; "three g ", the 
*Centripetal acceleration is equal to v2/r , where v is 
the orbital velocity and r the radius. Consequently, a 
faster speed at a fixed radius or a smaller radius at a 
fixed speed will produce greater accelerations . 
** "Normal or standard weight " is used here to indicate 
the weight of a resting object at sea level on the earth ' s 
surface. 
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acceleration producing a force equal to three times the 
normal weight of the accelerated object, etc. It should 
be remembered that "g" is an acceleration and is never to 
be interpreted as a force. 
(2) DURATION. The duration of acceleration is of 
the utmost importance in regard to the physical effects of 
this stress on living things. Short, abrupt accelerations 
(those of less than one-second duration) are tolerated to 
extremely high magnitudes and will not be dealt with in 
this paper. More prolonged accelerations (above one second) 
are not so easily tolerated and are of the type concerned 
in this study. 
(3) DIRECTION. The position of the body with refer-
ence to the acceleration it is undergoing is critical 
insofar as physical damage and tolerance are concerned. 
Four types of acceleration may be distinguished on the basis 
of body position : 
(a) Positive acceleration (Positive "g"). This 
acceleration acts in a seat-to-head direction 
producing forces in a head-to-seat direction. 
(b) Negative acceleration (Negative "g"). The 
opposite of positive acceleration with forces 
being produced in the seat-to-head direction. 
(c) Transverse acceleration (Transverse "g"). 
Acceleration directed perpendicular to the 
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long ex s of the bod . That s, ~ ~ithE~ 
a chest-+~-beck o~ ~ack-to-8hest dire0tion 
with the forces el"ays produced in a d r..:ct:~n 
opposite to the acceleration. 
(d) Lateral._ ac('elerat3..on (Lateral " r;" ) . 'T'~l:s 
accelerat o~ is directed er e~dicJ ar to th8 
long ax s of the body but from s de to side. 
It s often referred to as "r chtward " or 
'' leftward " accelerat on. The resultant force 
aza n bein6 i~ a direction oppo~ te to tt~~ 
of the acceleration . 
( 4 ) RATE OF APPLICATI0"7 • Accelera-tions 'nay ac1i·'1 be 
arbitrarily d vided on the basis of their rate of appl -
cation. Thus , acceleration is relatively referred to ae 
being ra_idly or gradually applied. The p~ysical ~fferts 
21 o ~ rapidly a plied accelerations have beer re or+ed 
bein; less easily tolerated than gradually appl ed 
acceleratio•1s . 
Because variables are encountered in aircraft which 
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are not eas ly controlled , large centrifuges are presently 
used for the ma j ority of accelerat on experiments. These 
centrifuces allow the magnitude, duration, direction , and 
rate of application to be quite critically controlled a~d 
further allow for the duplication of conditions within 
close limits from experiment to experiment . 
Because gravity is a constant factor and cannot be 
eliminated from non-gravitational acceleration experiments, 
most centrifuges have some provisi on f or e liminating 
gravity as a variable and for allowing a "pure " acceleration 
vector to be obtained during centrifugation. The active or 
passive positioning of test subjects during centrifugation 
is the most usual means of obtaining this end. 
With passive positioning , the structure holding the 
subject and the restraining seat or bed to the horizontal 
centrifuge arm, usually called the "cab ", is carefully 
balanced and allowed to passively tilt as the centrifuge 
moves . That is , the vertical vector of gravitational force 
and the imposed horizontal vector of centrifugal force are 
made , as closely as possible , a correctly directed vector 
by allowing the position of the subject to be altered 
during centrifugation . An example will perhaps be of 
assistance in visualizing this passive positioning . 
If a centripetal accelerat i on of 2 g is to be imposed 
upon a human subject in a seat- to- head direction , the 
subject is first seated conventionally in the centrifuge 
cab . In this normal seated position, the subject experi-
ences only gravitational force (commonly, but incorrectly, 
referred to as " 1 g " ) in a head- to-seat direction . As 
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soon as the centrifuge is started, however, the pivoted 
and prebalanced cab will tilt slightly inward so that the 
head of the subject lies closer to the center of the 
centrifuge. At this point, the imposed centrifugal force 
and the ever- present gravitational force are combined in 
a resultant force directed in the same direction as was 
the gravitational force prior to the centrifugation--from 
the head to the seat of the subject . As increasing 
centrifugal force is imposed, the cab tilts inward to an 
increasingly greater degree* so that at all times during 
the centrifugation, the subject encounters only a resultant 
force vector which will constantly be directed from head to 
seat . 
Active positioning differs from the passive position-
ing just described in only one respect . Whereas passive 
positioning relies upon critically balancing the centrifuge 
cab in order to accomplish its end, active positioning 
employs gears and other direct means for the positioning of 
the cab during centrifugation . 
Both centrifuges utilized in this study possess 
passively- pivoting animal holders. 
*The cab will, of course, approach but never reach 
the completely horizontal position as the magnitude of the 
centrifugal force increases . 
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vis ~ly 20 of 24 vxperiments. :RE co.·G.L1e;s c -"' tl:s tlooc 
Centrifusnt on of un-:nesthet zed :C.c:ms:.err ct ::; to 1S s 
bra.dycg_rc:a. ElEoctrocard o:::-r:'lpllic record n,~.s shoi-vd the 
inversi0ns, extrasystoles , and other abnormqlitl~s o~~urri1~ 
with prolonged accelera~ on. 
2 tion were de; re ssed b:r cer1 tri fugat c-:: the sre~ tcr 
of depress1c~. Respiratory moveme~tr were neve~ vl~~"lized 
above hO S· Necro.~,_,sy exa.n:-;ination revealsi severanc< of t~e 
~ferior venP cava above ~o g, complete ds~q2hm~nt c~ 
liver at 60 :, and increasi~E retechial ~emorrha:e a2 
acceleration was ~creased from 5 to 60 '-" ~he a~ly illicro-
circulatory changes observed durinc ce-:1trifu'- <>tlo~-: were 'l 
cradual slowins of flow and complete stasis at h to ~ s, 
followed by a reversal of flow at his~er acceJ~-ratic-s. 
No chm1ces in vessel diameter were seen. 
~hrec dissimilar anesthet cs decreased the tolercn8e 
/ 
n~ the hamster to acceleration . Rad:cal differ~-:1"SC ~ere 
:found in the heart rate responses of corJ.sc nur a~d "ncr-
thetize~ animals observed durinz centrifuiqtion. 
Un ~ateral and bilateral 00clus on of t~e carotid 
arteri2r; produced abru t i'1creases in blood prersure as 
measured in th~ fe~o~al artery . ~h s indicated the cxiP~encc 
of prcssoreceptivc reflexes n the bamstE:r . However, ~he 
1GC 
blood ~csscls of the cheek pouch did not c~ancc i~ di~~ctcr 
a~d do not a~~ear to p~rticipate in com)ensatory vasomotor 
respor:s6s. 
Conclusions 
Tilting froill the horizontal to vertical position docs 
not appear to coast1tute an adequate stress to elicit 
cons istent com.t-'ensatory physiolot:,ic responses i n the hamster . 
Com ensation for tLe effects of the increas ed forces 
countered during centrifugation appears to be accomplished 
primarily by increased heart rate a~d possibly by vaso-
constriction ~ areas other than the c~ec~ .t-'our~. ~ortRlity 
from centrifucatio~ is traceable to blood loss at acceler-
ations in excess of 20 ~ · At lower accele~atio~P, death 
appears to be due to cerebral anoxia caused by an apparent 
inabil ty of physiolog cal responses to sa ~tain sufficient 
cerebral flow. 
As far as could te ascertained in this study, the 
microcirculation of the hamster cheek pouch does not 
actively enter into the phys olo:ical co~ e~sations elicited 
by decreased cerebral flow . 
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